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Fig. 2.2 Farasan archipelago; black circles indicate registered shell middens. !
!  
Fig. 2.3 Radiocarbon dates from the top and the base of JE0004 and KM1057, the two sites 
that were mainly researched in past studies. !
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!  
Fig. 2.4 Satellite image of JE0004 in context with its local environment. Note how the site 
is still located on the undercut ridge, similar to sites on palaeoshorelines further inland.!!






Fig. 2.6 Section drawing of JE0004 facing east. Coordinates shown are 11G-20G.  







Fig. 2.10 Satellite image of KM1057 in context with its local environment. Note small 
clusters of shell mounds in the vicinity of the shoreline.  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Fig. 2.11 Picture of KM1057 in its eroded state. Not the circular shape on the ground 









Fig. 2.14 species composition in KM1057 by volume extrapolated from exposed section.!!
!  
Fig. 2.15 Species composition for KM1057 based on weight. Sediment weights are not 
included 
.! !
Fig. 2.16 Comparison of MNIs, weight and aperture length of C. fasciatus as well as total 
sample weight. Samples are aligned by increasing depth from the left ot the right. Aperture 
length is reported with one standard deviation.!!
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Fig. 4.3 C. fasciatus shell from different perspectives. Dotted line indicates the thick lip 
that forms when animals reach adulthood. Thus the main body is described as “juvenile” 
and the thick lip as “adult”. “Protoconch” describes the very first growing of the shell.!!!!
!  
Fig. 4.4 Isotopic record of Strombus gigas shell. Note the changing scale on x-axis (after 

































Fig. 5.6 Comparison of NOAA dataset for temperature with data retrieved from local 
loggers. Brackets indicate the individual location of logger. Salinity values are part of the 
NOAA dataset, the time of the witnessed rain shower is indicated to show that it was of 
little significance to the overall salinity. 
!
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Fig. 5.8 Location of water samples. 1=Seir, 2=Seir-KM, 3=KM Bridge, 4=Saqid, 5=Janaba 







Fig. 5.9 δ18OW and δD data from Farasan, dotted line: evaporation line. Based on Clark and 
Fritz 1997. GMWL=Global Meteoric Water Line, an equation that describes the general 
relationship between δD and δ18O in natural terrestrial water. In comparison, the dotted line 
describes the relationship in samples from Farasan.!!!
!  36
  
Fig. 5.10 Isoscapes of stable δ18OW isotopes from May 2013 (left), December 2013 




Fig. 5.11 Estimated values for δ18O based on local temperature and δ18OW from Janaba Bay 





Fig. 5.12 Underwater environment at the Janaba Bay collection site. Note the lack of 
vegetation in September 2013 
!  
Fig. 5.13 Underwater environment at the Janaba Bay collection site. Note the increase in 





Fig. 5.14 Comparison of δ18OS values from shell edges of different seasons with the 
corresponding estimated δ18O !
!  
Fig. 5.15 Comparison of stable δ18OS and δ13CS isotope data from shell edges with seasonal 




Fig. 5.16 Thin section of lip area of an adult shell (left) and a juvenile shell (right). Scale in 
both images in 1 mm. 
!  
Fig. 5.17 Thin section of lip area of an adult shell with growth increments after staining 
with Mutvei’s Solution. Note the arrows indicating the direction of growth in that area and 
how they are at different angles. The increment structure is highly variable within one shell 





Fig. 5.18 Measurement of individual growth increments in comparison to the lunar cycle 
and tidal range of the two months before shell collection. SGI=Standardised Growth Index; 
S=Spring tide; N=Neap tide.! !
! !
Fig. 5.19 Wavelet power spectrum for periodicity of increment growth. The contour levels 
are chosen so that 75% (blue), 50% (green), 25% (light green), and 5% (red) of the wavelet 
power is above each level, respectively. Note the high significance of periods with ~16 





Fig. 5.20 A 532nmd:YAG laser beam of ~15 mJ energy is focused on the shell on a ~90 µm 
diameter area. The created plasma emits light which, is collected by an optical fibre and 
analysed into different wavelengths by a high resolution (Δ λ=0.1 nm) Mechelle 
spectrograph. Temporally resolved spectra are recorded at 500 ns after the laser pulse for 2 
microseconds. The resulting spectra contain peaks that are indicative of the concentrations 
of elemental ions. Here the blue spectrum shows a low concentration of Mg/Ca 




Fig. 5.21 LIBS sampling area after 30 shots at 15mj.!
!
!  
Fig. 5.22 LIBS result from shell 3005-4. Red areas indicate higher temperature. Blue areas 
indicate low temperature. D.O.G = direction of growth. Shell edge is located along the 
bottom of the picture. Change of elemental ratios is in agreement with growth rate based 











Fig. 5.24 Sequential δ18O and δ13C values from J4-3005-A and J4-3005-C. Both shells 















































Fig. 5.32 Sample locations on the outside of the juvenile part of the shell.!!
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  Fig. 6.2 Plot of the δ18O values of J4-3005-B, adjusted for a growth rate of 13 mm/year, relative to the distance from the shell edge. 





 Fig. 6.4 Shell edge sequence of J4-18-A plotted with curve of most likely seasonal change (blue) and curve of change based on NOAA data, shell J4-3005-B and from growth increment measurements (black). Note how the growth rate is likely to be slower in J4-18-A and the overall amplitude is smaller. 
 





















  Fig. 6.10 Section of 1727-18-M-7, white dots indicate sample area. Shell edge is at the bottom right. 





 Fig. 6.12 Section of 1727-13-M-4, white dots indicate sample area. Shell edge is at the bottom right. 
 





 Fig. 6.14 Section of 1727-20-B-5, white dots indicate sample area. Shell edge is at the bottom right. 
 




































Fig. 7.1 Overview of sites in the North of Janaba West. 
!  
Fig. 7.2 Satellite image of JW1727 and surroundings. Note the darker area on the top 
showing exposed coral bedrock and the lighter area in the middle showing sandy 













Fig. 7.5 Texture of photogrammetry model that shows the detailed composition of the east 
section of the trench. White dotted line indicates upper border of C. fasciatus layer that 




Fig. 7.6 Pie chart of mollusc species composition in JW1727. 
Fig. 7.7 Relative species composition of JW1727 by layers. Note the changing axis in 
























































Fig. 8.3 Section drawing of KM1057, dotted rectangles associated with highlighted sample 








Fig. 8.5 Overview of Unit C of KM1057. A: C. fasciatus weight; B: mean aperture size; C: 
frequency distributions of shell size; D: Cumulative frequency diagrams of shell sizes. 
Note the abrupt change of shell sizes throughout the unit.!
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Fig. 8.6 Overview of Unit B of KM1057. A: C. fasciatus weight; B: mean aperture size; C: 
frequency distributions of shell size; D: Cumulative frequency diagrams of shell sizes. 
Note the gradual but constant change of shell size throughout the unit. 
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Fig. 8.7 Overview of Unit A of KM1057. A: C. fasciatus weight; B: mean aperture size; C: 
frequency distributions of shell size; D: Cumulative frequency diagrams of shell sizes. 
Note how shell sizes remain low even after the increase in C. fasciatus weight.!!
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 Fig. 8.8 Section drawing of JE0004 section 11G.!!!
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Fig. 8.10 Overview of column 11 G in JE0004. A: C. fasciatus weight; B: mean aperture 
size; C: frequency distributions of shell size; D: Cumulative frequency diagrams of shell 




Fig. 8.11 Linear regression model of the correlation between mean aperture size and 





Fig. 8.12 Overview of vicinity of JW1727. Note the wide flat area that is now between the 













Fig. 8.15 Overview of layers in JW1727. A: C. fasciatus weight; B: mean aperture size; C: 
frequency distributions of shell size; D: Cumulative frequency diagrams of shell sizes 
below site average, E:Cumulative frequency diagrams of shell sizes above site average. 





Fig. 8.16 Detailed view of aperture sizes from layer 22 to layer 16, possibly describing a 
continuous exploitation period. A: Mean aperture size; B: frequency distributions of 
aperture size, C: Cumulative frequency diagrams of aperture size. Note the slight shift 
towards smaller shells in higher layers. 
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Fig. 8.17 A: Cumulative aperture sizes of all layers from analysed sites; B: Frequency 
distribution of aperture sizes of all sites in combination and relative frequency distribution 









Fig. 8.19 Years until ‘completion’ for each shell mound using the minimum and maximum 
accumulation rates for weight and volume from layer 8 in JW1727 compared to the years 
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Chapter 9   
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 Fig. 9.1 Number of palaeoclimate proxies in Arabia in relation to summer insolation and aeolian dust deposition, after Lezine et al. (2014). Grey column marks humid phase. 
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 Fig. 9.2 Locations of shellmounds JW1727 and JE0087.   
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 Fig. 9.3 Radiocarbon dates from the two analysed sites. Dates are ordered by stratigraphic sequence and cover the complete column of the midden. The green date indicates the sample origin of the analysed shells from JE0087. 
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 Fig. 9.4 Location of JE0087 in spatial relation to other sites at Janaba Bay. 
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 Fig. 9.5 View of JE0087 looking east. 
  




 Fig. 9.6 Stratigraphy of JE0087. 
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 Fig. 9.7 Sequential δ18OS and δ13CS values of shells from JE0087. 
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 Fig. 9.8 Box plots of total δ18OS and δ13CS values from different periods. 
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 Figure 9.9 Visualisation of theories about mobility in Neolithic Arabia described in the text. Theories are grouped by analytical proxies. Archaeological sites are noted as areas instead of individual sites. 
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 Fig. 9.10 inland areas with circular patterns of burnt bedrock in association with shell midden ( Matthew Meredith-Williams for scale (~185 cm))  
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Fig. 9.11 Inland areas with circular patterns of burnt bedrock in association with possible remains of freshwater wells.   
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Appendix 2: Academic publications 
resulting from the thesis   
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Isotopic and elemental composition of Conomurex fasciatus shells as an 
environmental proxy for the Red Sea   
N. Hausmann1, A. C. Colonese1, O. Kokkinaki2, D. Anglos2,3, C. Fotakis2,4,  A. de Lima 
Ponzoni5, Y. Hancock5, M. Meredith-Williams1,6, M. J. Leng7, G. N. Bailey8.   1 BioArCh, Department of Archaeology, University of York, Biology S. Block, York, YO10 5DD, UK 2 Institute of Electronic Structure and Laser, Foundation for Research and Technology-Hellas, P.O. Box 1385, Heraklion, Crete GR 71110, Greece 3 Department of Chemistry, University of Crete, GR 71003, Heraklion, Crete, Greece 4 Department of Physics, University of Crete, GR 71003, Heraklion, Crete, Greece 5 Department of Physics, University of York, Heslington, York, YO10 5DD, UK 
6Department of  Anthropology, University of Auckland, Private Bag 92019, Auckland 1, NZ  7 NERC Isotope Geosciences Facilities, British Geological Survey, Nottingham NG12 5GG, UK & Centre for Environmental Geochemistry, University of Nottingham, Nottingham NG7 2RD, UK 8 Department of Archaeology, University of York, The King’s Manor, York YO1 7EP, UK  Keywords Red Sea; Holocene shell middens; shell stable isotopes; Palaeoclimate; LIBS.   
Abstract: The marine gastropod Conomurex fasciatus (Born 1778) is the main component of thousands of shell middens on the Farasan Islands in the southern Red Sea. The middens date from 6,500 to 4,500 cal BP and cover the period of increased aridification over the region. No research on C. fasciatus has been carried out before and the species is mostly unknown. To test if C. fasciatus shells can be used as a recorder of climate variability, we collected living specimens from the Farasan Islands, in Saudi Arabia, over a 1.5 year period. This area receives almost no precipitation and sea surface salinity is extremely high (38–39 psu). Sea surface temperature ranges from +26.5°C to +34.9°C. Raman spectroscopy results show that the shell is fully aragonitic. Measured shell-edge δ18O values range from –0.5‰ to –1.7‰. Calculated modern shell edge temperatures 
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from these δ18O values correlate with modern sea surface temperatures (SST) measured on site with an error of ±2.4°C.  Additionally to δ18O measurements, we also employed Laser Induced Breakdown Spectroscopy (LIBS) as a possible method to assess seasonality in future studies. Promising results show values consistent with seasonal temperature change for the first time in aragonitic shells. Two different growth rates occurred in the shell. The measurement of growth increments in the lip part of adult specimens indicates a tide-related growth rate of ~13 mm/year. Sequential δ18O data from juvenile parts of the shell indicates a faster growth rate of ~90 mm/year. This growth rate and the correlation  of δ18O with measured temperatures allows the use of C. fasciatus shell as a palaeoclimate proxy.     
1 Introduction   The Farasan Island shell middens in the southern Red Sea are a group of archaeological sites with evidence of intense coastal shellfish exploitation (Bailey et al. 2007, 2013; Alsharekh and Bailey 2014). With over 3000 recorded shell middens, they represent some of the densest accumulations of coastal middens in the world (Fig. 1). The middens are exceptional, especially when compared to the small number of prehistoric coastal sites on the Arabian mainland located 40 km farther east (Durrani 2005). The Farasan middens accumulated over a period from 6,500 to c. 4,500 cal BP (Bailey et al. 2013). The changing distribution of sites suggest a rapid change in sea level, in the overall environment, as well as in exploitation intensity (Meredith-Williams et al. 2014a). The time frame of exploitation partially covers the climatic change from a humid to a more arid climate during the mid-Holocene from around 7,000 to 6,000 calBP (Adamson et al. 1980; Arz et al. 2003; Van Campo et al. 1982; Rossignol-Strick 1983, 1985; Pachur and Kröpelin 1987; Hoelzmann et al. 1998; Bar-Matthews et al. 1999; Gasse 2000; Fleitmann et al. 2007). Humid conditions are associated with a northward displacement of the summer monsoon due to a shift in the intertropical convergence zone (ITCZ) to 23ºN (Biton et al. 2010). After c. 6,000 
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calBP, it is thought that conditions were more arid possibly as a result of ITCZ moving southward (Fleitmann et al. 2007). This would have caused an increase in desertification (Bray and Stokes 2004) and is evidenced by increased dolomite in marine cores from the northern Indian Ocean (Sirocko et al. 1993). The archaeological record from the Farasan Islands has the potential to supply climate and environmental information, and offers unique insights into environmental limits and opportunities for past societies. In particular the isotope (δ18O and δ13C) composition of shells has proven to be an essential tool in environmental (Arrighetti et al. 2012; Finstad et al. 2013) and archaeological research (Andrus 2011; Colonese et al. 2009; Mannino et al. 2003; Leng and Lewis 2014; see also Thomas 2015). In marine shells, δ18O values are controlled by the temperature and the δ18O of the ambient water. The latter may be influenced in coastal areas by the input of 18O-depleted water from the adjacent land (Schweikhardt et al. 2011). Shell δ13C values are more complicated because of multiple sources of carbon. It is generally thought that the dominant control is the δ13C of dissolved inorganic carbon (DIC) which gets transferred to the shell through fluid exchange (e.g. McConnaughey and Gillikin 2008). Nevertheless, studies also reveal that (especially) for grazers the contribution of metabolic carbon, which is isotopically light, may be considerable (up to ~40%, Gillikin et al. 2007), depending on the availability of food sources (e.g. Chauvaud et al. 2011). Here, we analyse for the first time the δ13C and δ18O composition of modern and archaeological shells of Conomurex fasciatus (Born 1778), the most intensively exploited marine gastropod in the Farasan shell middens of the Red Sea (Bailey et al. 2013). We explore the potential of shell δ13C and δ18O values to provide insights into Holocene environmental conditions and seasonal patterns of coastal exploitation in the region. Additionally, we present preliminary results of high-resolution Laser Induced Breakdown Spectroscopy (LIBS) analysis on the same shell species to determine elemental composition, as the Mg/Ca ratio of some organic and inorganic carbonates has been shown to correlate positively with palaeotemperature (Ferguson et al. 2011; Finstad et al. 2013; Freitas et al. 2005; Shirai et al. 2013).  
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2 Background   2.1 Area description The Farasan archipelago is part of the Arabian continental shelf, the water depth is between 0-100 m deep (punctuated by deep depressions caused by salt tectonics) before the shelf drops off into the underwater canyon in the Red Sea. This area is highly influenced by tectonic activity and salt-domes that uplift the submerged fossil reef limestone that largely make up the Farasan Islands (Bantan 1999). Farasan al-Kabir has suffered the most intense rifting with areas of uplift reaching heights of 70 m above sea level. Palaeoshorelines are present in the guise of former cliffs that have been undercut by wave action. The area has a subtropical desert climate. During the period of observation, the sea surface temperature (SST) ranged from +26.5°C in January 2013 (winter) to +34.9°C in September 2013 (summer) (Fig. 2). Precipitation patterns at this site are controlled by the Indian monsoon (Rossignol-Strick 1985). Rain only falls in short episodes, and it is not enough to sustain permanent wadis or subsurface freshwater flow into the sea. Sea surface salinity (SSS) is among the highest in the world and ranges from 36.9 to 38.8 psu (Fig. 2); in the southern Red Sea it is partly influenced by the seasonal inflow from the Indian Ocean through the Bab al Mandab strait (Aiki et al. 2006; Bouilloux et al. 2013; Siddall et al. 2004; Trommer et al. 2010). Surface water, controlled by the seasonal monsoon wind reversal, is forced into the Red Sea from October to April and out from the Red Sea from May to September. This mechanism transports nutrients and high amounts of phytoplankton from the Gulf of Aden towards the Farasan Islands which substantially influences the marine ecosystem (Bruckner et al. 2011).   2.2 Archaeological background The number of recorded Farasan shell middens is more than 3000 and not all have been completely surveyed. Radiocarbon dates for all the middens so far range from 6,500 to 4,500 cal BP (Bailey et al. 2013). The actual occupation duration of individual middens is still a part of ongoing research as there are many different phases of occupation and clusters of 
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middens that align with different palaeoshorelines. The shell middens range from small deflated clusters of shells to 6 m high mounds of tightly packed shell material. In the mounds there is little or no fine grained sediment and most layers are clast-supported. Nearly all of the excavated shell middens contain high amounts of C. fasciatus shells (Bailey et al. 2013). Sites on Farasan are broadly comparable to the shell middens in southwestern Saudi Arabia and northern Yemen, where similar mounds attributed to the Neolithic period have been found. The lithic assemblages of the mainland shell middens are considerably more abundant and they are mostly linked to the bifacial period. Middens with pottery have all been dated to the Bronze Age since the ceramics show similarities to ceramics found on Bronze Age sites elsewhere in Arabia (Zarins et al., 1980; 1981). Stratified pottery found in the Farasan shell mounds, JW1727 and JE0087, has been radiocarbon-dated to an earlier period (Table 1).   2.3 Conomurex fasciatus ecology and distribution The marine gastropod Conomurex fasciatus (Born 1778) (also Strombus fasciatus, the lined conch) is common in the Red Sea. It is herbivorous and well adapted to the warm climate and highly saline environments. Adult specimens are between 25 and 50 mm in length. Their life span is unknown but it is assumed that they share the typically short lived nature (a few years) of the smaller Strombid species (Walls 1980). It is generally believed that C. fasciatus prefers to live in calm water on muddy substrates (Sharabati 1984). On the contrary, in the Farasan Islands C. fasciatus tends to occur in wave impacted shallow waters, on sandy deposits with little vegetation. C. fasciatus is very mobile as the mollusc uses its foot to jump through the water and change locality. During warmer periods, C. fasciatus is often found in thick layers of vegetation, possibly for camouflage. This behavior is very similar to that of the species S. tricornus, which is found in similar habitats but is a much larger species (Sharabati 1984). Research on the growth rate and δ18O values of the cross-lamellar structure of S. gigas shells in a tropical climate has shown that the shell material can be used as an environmental 
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proxy (Radermacher et al. 2009). Similar conclusions were reached by Cornu et al. (1993) for 
S. bubonius, Wefer and Killingley (1980) for S. gigas and S. costatus, and Geary et al. (1992) for 
S. pugilis.     
3. Material and methods   3.1 Modern shell collections Living specimens (n = 16) were collected in the subtidal zone of Janaba Bay (where several shell midden have been excavated, Alsharekh and Bailey 2014) every three months between November 2012 and December 2013 (Table 2; Fig.1). Although the sampled sub tidal zone contained many mollusc species, C. fasciatus was relatively scarce and thus only a few specimens were collected for stable isotope analysis per sampling visit (n=2–5). Surveys around the island and on other islands also yielded very low numbers of C. fasciatus. The difference between populations today and during the occupation of the shell middens must have been considerable. Bearing in mind that hundreds of thousands of C. fasciatus shells can be contained in a single midden, it is likely that conditions for the gastropod have changed significantly. Also the impact of intense exploitation on the shellfish population needs to be considered (Bailey et al. 2013). After live collection C. fasciatus specimens were prepared for analysis by placing the animals in 5% NaClO. This secured an exact time of death. Samples remained in the solution for 48 hours. Afterwards they were rinsed and cleaned manually to remove body tissue and then dried. Samples were transported to the laboratory in York (BioArCh), rinsed and sonicated with ultra-pure water, and oven-dried at 40ºC. Simultaneously, water samples for δ18O analysis (n = 6) were collected at Janaba Bay and, for comparison, in a more enclosed area (Khur Maadi) between the two main islands Farasan Kabir and Saqid. The coast in Janaba Bay is less shallow than most others around Farasan. It experiences heavy wave action and constantly exchanges water with the open sea (Fig. 1). The second sampling location between the two islands is in shallow water (<10 m). 
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Samples were used to compare the seasonal effects of evaporation on the δ18O composition between exposed and enclosed mollusc habitats. However, the absence of modern C. fasciatus in this area did not allow to compare the δ18O composition of shell carbonate. Additionally, daily Sea SSTs were measured in 1.5 m depth close to the shell collection site at Janaba Bay from May 2012 to February 2014 (Star Oddi DST CTD, data logger). SST and SSS values were also provided by the National Oceanic and Atmospheric Administration (NOAA). The data were measured hourly by a GLOBAL-HYCOM remote sensor (available for the Farasan Islands (FARS1 at http://ecoforecast.coral.noaa.gov/index/0/FARS1/station-home).   3.2 Archaeological shells Two sets of archaeological shells were chosen for stable isotope analysis (n=6). The samples belong to two shell middens (JE0087 and JW1727) dating to 6,000–6,500 and 4,800 cal BP, respectively (Fig. 1). The samples were extracted in 2013 by excavating a trench from the edge to the centre of the mound and taking two column samples out of the section to provide a stratigraphic record of  shell composition throughout the midden. Shell midden JW1727 is located in the North-West part of Janaba Bay which is now 0.75 km from the sea due to local sea level change. It is about 2 m in height and 30 m across. It is located on a sand ridge along a palaeo-coastline and in line with several dozens of similar shell middens. Apart from several broken potsherds, no other artefacts were found in the midden. The general composition of JW1727 is dominated by C. fasciatus shells mixed with other species (Arca sp., Chicoreus sp., Pinctada sp.). There was little to no sedimentary matrix, although there were occasional lenses of ash, charcoal and fish bones. The Conomurex 
fasciatus shells are generally whole with low amounts of fragmentation. Shell midden JE0087 is 200 m from the modern coastline and slightly set back behind a line of shell middens stretching along a palaeo-shoreline. The shell deposits are similar to those in JW1727 with layers of whole C. fasciatus shells alternating with thinner layers of fish bones and fragmented shells. There is also a larger proportion of Chicoreus sp. shells, which 
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sometimes occur as distinct layers. Evidence of hearths and extensive ash layers were found, also evidence of  lithics made of local limestone. The shells analysed from JW1727 (n=3) and JE0087 (n=3) are typical examples and layers that are almost exclusively C. fasciatus–supported and are well preserved. Only one shell (JE0087-37-A-1) was taken from below a C. fasciatus layer where some shells were mixed into the basal sand. In JW1727 two shells were taken from layers 8 and one shell from layer 5, all date to around 4,800 cal BP. Midden JE0087 is represented by two shells from layer 36 and one shell from layer 37, which both represent the older part of the midden at around 6,500 cal BP (Table 1).   3.3 Shell preparation and sampling for stable isotope analysis The thick lip of adult modern shells were prepared for sclerochronological examination (Fig. 3). The shells were sectioned perpendicularly to the growth lines and ground with metallographic grid paper (P800, P1250, P2500). Shells were then polished using a texmet cloth with a lubricated 3-µm diamond paste and metadi fluid. They were then rinsed in an ultrasound bath with ultrapure water and treated with Mutvei's solution for 20 min at c. 38ºC (Schöne et al. 2005). Growth increments were measured on a Zeiss Axioscope A1 microscope and subsequently corrected for the shell’s age related decrease in growth rate by calculating the standardised growth index (SGI, Schöne 2003). Here the predicted growth is being used as a reference from which the measured growth varies, making it possible to directly compare growth patterns from older and younger parts of the shell.  The shell edges of modern juvenile specimens (n = 16) were milled and the powder collected (~50 μg) for stable isotope analysis (Table 2). In addition, three juvenile specimens were used for sequential isotope analysis along the whole growth axis of the shells. The first shell, collected in February 2013 (J4-18-A length = 33 mm) was used to obtain a more detailed understanding of how the change in stable isotope composition of the shell. It was sampled using a 0.9 mm drill bit from the shell-edge to the protoconch following visible growth increments on the outer shell surface with a sample width of 1 mm and a sample distance of under 1 mm. Two additional modern shells collected in May 2013 (J4-3005-A, 
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length = 34 mm; J4-3005-C, length = 31 mm) were sampled at 2-3 mm intervals. This sampling interval was also used for all the archaeological shells, except for shells 1727-8-B-1 and 1727-8-M-2. These had adult lip parts at the aperture, where we expected a different growth rate (Radermacher et al. 2009) and thus we applied a different sampling resolution. Samples were taken using a 0.4mm drill bit at a sample distance of 0.2 – 0.5 mm. This procedure was carried out for the complete lip section and in a second step continued using the general sampling method to account for the changing growth rate. Carbon and oxygen isotope analysis of the shell material (δ13Cs and δ18Os) was performed at the stable isotope facilities at the University of Wyoming (USA) using a Thermo Gasbench coupled to a Thermo Delta Plus XL IRMS, and at the isotope facilities of the British Geological Survey using a IsoPrime IRMS plus multiprep. Selected carbonate samples were rerun to verify comparability between laboratories. The precision in both laboratories is <0.05‰ for δ18O and δ13C. Oxygen isotope composition of seawater (δ18OW) was measured at the University of Wyoming and at the British Geological Survey using the Gasbench and IsoPrime 100 plus aquaprep, with a precision of c. 0.05%. The δ18OW is reported relative to V-SMOW, δ18OS and δ13CS are reported relative to V-PDB. δ18OS values can be used to estimate the SST at the time of shell growth by using empirically derived temperature equations. Here we use Grossman and Ku (1986), following the adjustments for δ18O of water (Dettman et al., 1999):  SST (ºC) = 20.6 – 4.34 (δ18OS – (δ18OW – 0.27))  (Eq. 1).  3.4 Raman spectroscopy In order to assess the mineralogical composition of C. fasciatus, we applied Raman spectroscopy on modern shells using an HORIBA XploRA Raman microscope with a x100 long working distance objective (N.A. = 0.75) in confocal mode. Three of the modern shells were prepared for Raman measurements by crushing to a fine powder using a mortar and pestle, and a 4th shell was measured intact. We also analyzed an archaeological intact shell from the Khur Maadi shell midden (KM1057) dating to 5,515–5,110 cal BP (Table 1) (see also 
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Demarchi et al. 2011), to assess possible changes in the mineral content of the shell over time. For the analysis, a laser wavelength of 532 nm was used with a maximum laser power of 3.5 mW. Single spectra were acquired using the HORIBA LabSpec 6 software with 1 s of laser exposure averaged over 32 spectral repetitions. To determine a bulk measurement, spectra were obtained from sixty random positions on each of the three powdered shells totalling 180 random spectra. An additional 20 spectra were acquired from external surface of the intact modern C. fasciatus shell both on and off the characteristic shell stripes. The Raman spectra were determined as having an experimental uncertainty of ± 0.8 cm-1 due to instrument limitations in spectral resolution. Subsequent spectral analyses were performed using the IGOR Pro statistical software.  3.5 Laser induced breakdown spectroscopy Here we combined the measurement of growth increments with LIBS analysis to further assess the interval represented by the stable isotope data and to explore the possibility of using LIBS as a method to determine seasonality. A shell (J4-3005-4, collected on 30th May 2013) was prepared for sampling using the following method: The organic material was removed by immersion in bleach, the shell was cut perpendicularly to the growth lines and the section surface ground with metallographic grid paper (P800, 1250). Afterwards the shell was cleaned with ultra-pure water and dried overnight. The LIBS technique is based on recording the atomic emission from a micro-plasma generated by focusing a high intensity (GW/cm2) laser beam onto a solid target, in this case our polished shell surface. The plasma emission is spectrally and temporally resolved giving rise to the LIBS spectrum, which, in the form of sharp atomic emission lines conveys qualitative and quantitative results on the elemental composition of the sample (Anglos 2001). The method presents many advantages over conventional analytical techniques for mineralogy, such as the ability to perform in situ measurements with minimal sample preparation (García-Escárzaga et al. 2014). For the LIBS measurements carried out in the context of the present study, a Q-switched Nd:YAG laser (BM Industries, Series 5000) operating at its second harmonic, λ=532 
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nm was employed. Laser pulses (τ = 8 ns, energy = 15 mJ/pulse) were focused on the shell surface (~100 μm spot size diameter) leading to the formation of a plasma plume. Plume emission was directly collected into an optical fiber and was transmitted to a high resolution (Δλ=0.1 nm) spectrograph (Mechelle, ME5000, Andor Technology), which was coupled to an Intensified Charge-Coupled Device camera (ICCD-3586, Andor Technology). Data analysis is based on the average integrated intensity of emission lines corresponding to Ca and Mg representing a set of three spectra collected on a single irradiated area on the shell. Each LIBS measurement on a specific spot on the shell was acquired as a series of three spectra, each one corresponding to the accumulation of 5 single-shot spectra (15 successive laser pulses in total). Typical LIBS spectra of aragonitic calcium carbonate present mainly Ca, Mg and Sr emission lines. Data analysis is based on the calculation of the integrated intensity of the emission lines that scales with the elemental composition of the plasma plume and in turn with the elemental composition of the shell  (Fig. 4). Specifically, herein, we analyse the variation of the Mg/Ca intensity ratio in the generated plasma (i.e. Mg and Ca ion peaks at 279.55 nm and 317.93 nm respectively). The Mg/Ca ratio has previously been shown to be a valid proxy for temperature change in aragonitic carbonates (Fortes et al. 2012), which is expected to increase with increasing temperature, as the substitution of Mg into aragonite is an endothermic reaction (Rosenthal and Linsley 2006). Other studies of Mg/Ca ratios in organic shell carbonate have shown varying results and additional influences the SSS as well as metabolic and ontogenetic effects (Poulain et al. 2015;Surge and Lohmann 2008; Wanamaker et al. 2008). Usually, when assessing the changing composition, the shell edge is sampled with a series of spots that follow the direction of growth. In our study we made use of the small irradiation area (~100µm with 10-100µm sample distance) and short acquisition time of a few seconds to measure the elemental composition of 247 spots covering the whole shell edge in a very short period. This approach is not constrained by cost factors, which usually limit the number of edge samples that can be measured, and enables us to quickly map the elemental composition rather than working in only one dimension.  
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4 Results   4.1 Temperature, surface salinity and δ18OW Instrumentally measured SSTs at Janaba Bay ranged from +26.5°C in January 2013 (winter) to +34.9°C in September 2013 (summer), and show very good agreement with NOAA remote sensing data for the region (Fig. 2). SSS from NOAA shows only small variability over the year, ranging from 36.9 to 38.8 psu. SST and SSS are also within the range of what has been recorded by the NOAA in earlier years. The δ18OW values from Janaba Bay (n = 6) exhibit almost no variations over the year (Table 3), from +1.2‰ to +1.9‰ in May (Spring) and December (Winter) respectively (average value = +1.5±0.3‰). In contrast, the δ18OW values from the enclosed sampling location, Khur Maadi (n=3), have a much higher average (+2.4±0.7‰) and a wider range with δ18OW values between +1.7‰ and +3.0‰ likely due to higher evaporation in the summer months.  4.2 Growth increments Shell growth increments at the lip of he shells range from 12.9 to 92.0 µm and display an average growth width of 38.1±18 µm (Fig. 5). The predicted growth rate shows a slight decline towards the shell edge but is fairly constant. The visibility of growth increments outside the lip part of the shell was extremely inconsistent despite the polishing and staining during the sample preparation.   4.3 Raman spectroscopy  Raman spectroscopy measurements determined the mineralogical composition of C. 
fasciatus as being aragonite, irrespective of the sample age, by comparing the key peak assignments (shown in the representative spectra in Fig. 6) to literature references (e.g., Urmos et al. 1991). Traces of carotenoids were also identified on the characteristic striped lines found on the external surface of intact C. fasciatus shells by comparing the peak assignments (denoted * in Fig. 6) with those discussed in Merlin (1985) and Saito and Tasumi 
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(1983). Confidence in the Raman spectroscopy characterisation of C. fasciatus can be found in the large number of statistically relevant spectra acquired, amounting to over 1200 spectra collected on both modern (~200 spectra), and archaeological (~1000 spectra) C. fasciatus samples.  4.3 Modern shell (shell-edge δ18OS and δ13CS) Shell-edge δ18OS values (n = 16) range from –0.5‰ to –1.7‰ (∆18OS = 1.2‰) from February (Winter) and September (Autumn) respectively, tracking closely daily variations in NOAA’s SST (R2 = 0.84) (Table 2). Using daily SST (NOAA) and average δ18OW values the predicted shell δ18OS values (Eq. 1) show a very good agreement with measured counterparts (R2 = 0.88) revealing that C. fasciatus form the shells close or in isotopic equilibrium with the ambient water (Fig. 5). Shell-edge δ13CS values vary between +0.6‰ and +2.1‰ (∆13CS = 1.4‰) and show a moderate positive correlation with SST (R2 = 0.52) and a weak, inverse correlation with δ18OS (R2 = –0.33).    4.5 Modern shell (sequential δ18OS and δ13CS) One specimen (J4-18-A) was analysed using close to continuous sampling perpendicular to the growth direction. The sequence of δ18OS values ranges from –0.3‰ to –1.6‰ and shows gradually decreasing values with increasing distance to the shell edge (Fig. 8A). The sequence of δ13CS values ranges between +1.0‰ and +1.9‰ and samples increase with increasing distance to the shell edge. As observed in shell-edge data, intra-shell δ18OS and δ13CS values are also negatively correlated (R2 = –0.38). The two specimens collected together in May 2013 at Janaba Bay (J4-3005-A and J4-3005-C) show sinusoidal δ18OS values. Shell J4-3005-A ranged from –0.6‰ to –2.8‰ (∆18OS = 2.2‰) and shell J4-3005-C from –0.5‰ to –2.5‰ (∆18OS = 2‰). The same shells provided sequential δ13CS values ranging from +0.2‰ to +2.7‰ (∆13CS = 2.5‰) and +0.4‰ to +1.6‰ (∆13CS = 1.2‰) respectively (Fig. 8A). Intra-shell δ13CS and δ18OS values are negatively correlated in J4-3005-A (R2 = –0.33), but no correlation was found in J4-3005-C (R2 = 0.07).   
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4.6 Archaeological shells (δ18OS and δ13CS) The archaeological shells dated to 4,800 (JW1727) and 6,500 cal BP (JE0087) show sequential δ18OS values comparable to modern specimens (Fig. 8B-D). Shells from 4,800 cal BP (n = 3) exhibit δ18OS values ranging from –0.2‰ to –2.1‰ (∆18OS = 1.9‰), whilst shells from 6,500 cal BP (n = 3) show values ranging from –0.1‰ to –1.9‰ (∆18OS = 1.8‰).  By contrast, average δ13CS values in archaeological specimens are invariably higher compared to modern counterparts (+1.3‰). Specifically shells from archaeological contexts dated to 4,800 cal BP and 6,500 cal BP exhibit δ13CS values ranging from +2.0‰ to +4.3‰ (∆13CS = 2.3‰) and +1.5‰ to +4.7‰ (∆13CS = 3.2‰), respectively. In general no correlation between δ18OS and δ13CS was observed for archaeological shells (R2 = 0.00 to 0.08), except for a moderately positive correlation in one shell dated to 4,800 cal BP (R2 = 0.47; 1727-5-B-1).  4.7 LIBS measurements and Mg/Ca intensity ratios Within the dataset of 247 samples, the maximum Mg/Ca intensity ratio (0.096±0.024) was recorded at the very shell edge and the minimum intensity ratio (0.028±0.009) was found 2 mm further away from the edge in earlier growth increments (Fig. 9). The mean intensity ratio values calculated upon analysis of a series of three successive spectra present a somewhat high relative standard deviation (standard deviation/mean value ~25-45%), which is reflected in the indistinct borders between areas with different elemental composition. Inconsistent values were also found at the very shell edge, likely because the sampled area expanded over the edge and introduced non-carbonate signals from outside the sample.   
5. Discussion  5.1 δ18O in C. fasciatus shells The stable isotope results presented here indicate that modern C. fasciatus precipitates its aragonite shell close to/or in oxygen isotope equilibrium with the ambient water in the 
 136 
southern Red Sea (Fig. 9). The estimated and the measured δ18OS values from shell edges have almost identical ranges from –0.4‰ to –1.7‰ and –0.5‰ to –1.7‰, respectively. Both ranges are smaller compared with the ranges that were recorded by the sequential δ18OS values (–0.5‰ to –2.8‰), which is likely to be the result of the sparse seasonal collection of modern specimens in this study. The close fit of predicted and measured δ18Os values might also be influenced by the relatively stable water conditions at the location of collection. Even though precipitation is not an important factor over the study area, the δ18OW values can still vary significantly due to evaporation (Gat 1996). Even though the water at the sampling area in Janaba Bay appear to be well mixed, it is still necessary to account for the seasonal variability of at least 0.7‰ when reconstructing past temperatures. A change in δ18OW of 0.7‰ can lead to a difference in estimated palaeotemperature of ~3ºC. If the annual mean δ18OW value of 1.5‰ was used, the mean standard deviation of δ18OW (±1.2 ºC) included as well as the analytical error (±0.4 ºC), then the uncertainty between calculated and measured SST would be ±2.4ºC (1.2 ºC + 0.8 ºC + 0.4 ºC). Considering the overall seasonal range of 8.4 ºC on Farasan, this error still makes for a useful proxy to analyse seasonality. Terrestrial records of the region and marine records of the Red Sea suggest a decline in relative humidity during the Holocene connected to the southward displacement of the ITCZ and a decrease in solar insolation (Fleitmann et al. 2007). The archaeological shells need to be interpreted with the isotopic implications of this climatic change to examine the impact it might have on them. Van Rampelbergh et al. (2013) compared results from speleothems, lake deposits and inter dune deposits of the southern Arabian Peninsula and found a gradual decrease in precipitation within the records at around 7,000 cal BP in the lowlands. Isotope records of planktonic foraminifera Globigerinoides ruber from the deep-sea record of the northern and the central Red Sea show an abrupt increase in δ18O values by +0.6‰ from 7,000 to 6,000 cal BP (Arz et al. 2003). The additional use of palaeotemperature records made it possible to argue for a rapid increase of salinity at the same time. Using a variety of environmental proxies, Lezine et al. (2014) found similar evidence of aridification at 6,500 cal BP but with less abrupt progression. The average sequential δ18OS values of specimens from 4,800 (JW1727) to 6,500 cal BP (JE0087) are comparable to those recorded by modern 
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specimens. Modern shells, however, exhibit a larger seasonal amplitude (∆18OS = 2.5‰) compared to archaeological counterparts (∆18OS up to 1.9‰). This difference might imply a higher seasonal contrast, with warmer summers today compared to the time of the shell mounds formation.  5.2 δ13C in C. fasciatus shells Whilst δ18Os oscillation can be associated with seasonal changes in SST and δ18OW, an interpretation of variations in δ13CS is much less straightforward (e.g. Andreasson et al. 1999; Gentry et al. 2008; Strauss et al., 2014). Lower δ13CS values occur during the colder months of the year and to some extent are negatively correlated with the δ18OS values (Fig. 9). Changes in δ13CS values have been linked to large salinity differences and changes in δ13CDIC (Gillikin et al. 2006; McConnaughey and Gillikin 2008; Mook and Tan 1991; Owen et al. 2008). Salinity changes are minimal in the study area (36.9–38.8 psu) due to the lack of freshwater input and the low levels of precipitation. The δ13CDIC variability could be the result of seasonal changes in the photosynthesis and circulation. Phytoplankton biomass increases from October to April (e.g. Chlorophyll-a from 0.5 mg/m3 to 3.5 mg/m3) as a result of the monsoon-induced surface nutrient-rich water inflow from the Indian Ocean through the Gulf of Aden (Aiki et al. 2006; Raitsos et al. 2013). Additionally, during the summer monsoon nutrient water is upwelled in the Gulf of Aden (Jones and Browning 1971) and ultimately transported into the Red Sea at an intermediate depth to eventually mix with the surface water in higher latitudes (Smeed 1997). During photosynthesis phytoplankton preferably incorporate 12C, which in turn enriches the DIC in 13C (Andreasson et al. 1999). However, this mechanism would result in an increase  of δ13CDIC in winter (and/or decrease in summer) which conflicts with the δ13CS trend observed in those seasons (Fig. 8A, Table 2). An alternative explanation is that seasonal δ13CS variability, to some extent, reflects changes in food availability between warmer and colder months. C. fasciatus predominantly feeds on interstitial microflora and detritus (Taylor and Reid 1984) and although DIC may have a prevailing influence on δ13CS values of C. 
fasciatus, increased feeding on algae during colder months may result in a larger contribution of metabolic carbon relative to shell carbon (e.g. Chauvaud et al. 2011). This mechanism 
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could be responsible for lower δ13CS values in colder months. However to what degree the metabolic carbon contribute to δ13CS values in C. fasciatus is difficult to ascertain. Also, there is no indication of an increase in growth rate that would correspond with an increase in food availability. The δ13CS values notably differ between archaeological and modern samples (Fig. 8A-D). Despite modern and archaeological shells displaying similar seasonal δ13CS variability (∆13CS = 2.5‰), the archaeological specimens have higher δ13CS values (~2‰) compared to modern counterparts. High δ13CS in middle-late Holocene shells in the southern Red Sea is difficult to explain. A general δ13C increase of 1-1.5‰ is expected for carbonate records that predate the industrial revolution and the accompanying increase of 12C in the atmosphere due to the burning of fossil fuels (Friedl et al. 1986; Sonnerup et. al. 1999; Surge et al. 2003). In marine records this effect is more moderate due to mixing of surface and deeper (older) waters (Cage and Austin 2010), but between 1970 and 1990 the mean global surface ocean δ13C values still decreased by 0.16±0.02‰ (Quay et al. 2003). Consequently, the oceanic Suess effect could largely explain almost all of the 13C-enrichment of the shell. An alternative, or additional explanation, could be an overall increase in δ13CDIC in the southern Red Sea. 13C-enrichment in seawater DIC is often interpreted as the product of an increased nutrient supply and increased rate of photosynthetic activity in surface water (McConnaughey 2003). Today, summer monsoon is responsible for lateral advection of nutrient-rich water from the northern Arabian Sea into the Red Sea (Jones and Browning 1987). The injection of upwelled water from the Gulf of Aden controls the vertical nutrient recycling and increase primary productivity in this region (Bouilloux et al., 2013). This injection of nutrient rich water due to monsoonal activity from the Arabian Sea into the southern Red Sea might have continued for a longer period than other records of climate change indicate (Fleitmann et al. 2007, van Rampelbergh et al. 2013). Even though the ITCZ had moved too far south to sustain a humid environment in Arabia, it could still have contributed indirectly to the upwelling effect in the Arabian Sea and consequently to the injection of nutrients into the southern Red Sea. Although further studies are required to fully understand the substantial 13C-
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enrichment in middle-late Holocene shells compared to modern counterparts, it is worth noting that the vast amounts of shell material accumulated in the Farasan shell middens most likely indicate a highly productive marine environment (Meredith-Williams et al. 2014b). It remains to be assessed if such regional economic practices, uniquely represented by thousands of shell mounds along the coastline, ultimately reflect periods of heightened marine productivity, which today is modulated by monsoon atmospheric circulation.  5.3 LIBS mapping based on Mg/Ca intensity ratios The LIBS spectra that were acquired on the lip section show a general trend towards lower values in Mg/Ca intensity ratio from younger to older growth increments of the shell over a 2.5 mm sample area (Fig. 9). Corresponding to the results of the growth rate analysis, we believe that the shell covers the change in temperature over a 2-3 month period from winter up to its time of death (30. May 2013). This confirms a positive correlation between the Mg/Ca intensity ratio and temperature during calcification. The connection between temperature and elemental composition in shell aragonite from C. fasciatus is more consistent than it was found in other shells using LIBS (García-Escárzaga et al. 2014) but the relative standard deviation is not small enough to guarantee similar consistency as the δ18O analysis of carbonate. LIBS partially compensates for this by the immense amount of samples acquired per unit area. To improve the consistency and the reproducibility of the results, we suggest to increase the number of laser pulses and accumulated spectra in combination with a more detailed analysis of emission lines within the spectra. Although LIBS works at a high spatial resolution, is much faster than δ18O analysis and only costs a fraction of other techniques, it was not used for the assessment of seasonality for the rest of the dataset. This study is the first successful application of LIBS on aragonitic shell carbonate to assess temperature change. However, optimisation of the experimental parameters (e.g. laser energy, wavelength, number of pulses, spot size) affecting the fluctuation of the plasma emission intensity is necessary in order to achieve high accuracy and precision of the method. Furthermore, in the future other factors need to be considered, 
 140 
such as the inhomogeneity and structural complexity of the shells, the influences of SSS, and of other environmental factors.  5.4 Implications for the use of C. fasciatus as seasonal environmental archives The analyses of C. fasciatus have shown several factors that need to be considered when using the mollusc as an environmental proxy. Chiefly, the unclear and changing growth patterns between adult and juvenile parts of the shell are of concern. The almost continuous sequence of δ18OS values in the juvenile modern shell J4-18-A (Fig. 8A) indicates a gradual change from higher temperatures to lower temperatures towards the shell edge. The slow isotopic change over a 35 mm long distance demonstrates a very rapid shell production for juvenile specimens. This is similarly evident in longer sequences over 80 mm (J4-3005-A and J4-3005-C). However, not all specimens are juvenile, and the different growth patterns in adult areas of the shell need to be part of the analysis to create longer sequences than the one-year sequence that was recorded in the juvenile shells (J4-3005-A and J4-3005-C).  Previously, a similar change in the growth pattern has been reported for Strombus 
gigas, where after about two years adult specimens develop a thick lip at the aperture by depositing only a few mm of shell carbonate each month (Radermacher et al. 2009). To analyse the adult growth patterns in our assemblage, the lip part of adult modern shells was chosen and their growth increments measured. The frequency and the width of the increments revealed a repeating pattern with a period of 14–16 increments (Fig. 5). This pattern was compared to the periodicity of the tidal regime (0.6 m) at Farasan using WXtide32 (available at www.wxtide32.com). The tidal fluctuations around the study area are happening in fortnightly cycles almost identical to the 14–16 increments period of growth rate fluctuation. This similarity has been observed in previous studies of sub tidal molluscs (Schöne and Giere 2005, Schöne et al. 2003, Schöne et al. 2007), where in all cases the shell growth rate decreased during neap tides. Considering the similar periodicity of small growth increments, it is plausible that this connection can also be proposed for C. fasciatus shells. Despite the smaller influence that neap tides have on sub tidal gastropods at first glance, 
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there likely is an endogenous component that controls the rhythmicity of shell growth even without a dramatic exterior impetus (Brown et al. 1955a, b). Additionally the decreased water-exchange during neap tides could have an effect on sub tidal organisms. Following this, the estimated shell growth rate for lip parts would be ~13 mm/year.  The contrast between a fast and a slow growth rate introduces some problems. From the analysed growth increments it is not clear, when exactly this change occurs as the visibility vastly decreases before any change in growth was measurable. Also, it is not clear if the change in growth patterns is gradual over several months, or happens over a period of a few days or weeks. To fully connect the two parts of the shell in a sequence of values, the sampling resolution needs to be high enough to rule out the possibility that some periods of growth have been missed. In the analysed shells with changing sampling resolutions, the transition was recorded well (Fig. 8C) with similar δ18Os values of the four measurements (JW1727-8-B-1: –0.84‰, –0.75‰, –0.75‰, –0.73‰; JW1727-8-M-2: –1.60‰, –1.54‰, –1.58‰, –1.54‰) across the transition (dotted line) over a length of ~10 mm. Our results demonstrate that the sampling strategy allows for the recovery of environmental information spanning from fortnightly to monthly time-intervals. This does not rule out other causes of growth hiatuses like storm events, pathological problems, or attacks by predators.     
6 Conclusions   1) This study shows that modern C. fasciatus from the southern Red Sea precipitate their shells close to equilibrium with the oxygen isotope composition of the surrounding seawater at a given temperature according to the palaeotemperature equation of Grossman and Ku (1986). 2) Over an annual cycle δ18OS from C. fasciatus records the full range of SST without apparent growth hiatuses. We show that C. fasciatus reach maturity (with continual growth) in about a year. 
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3) Sequential δ18OS of daily growth increments within shell and lip sections of adult C. fasciatus show that the animal grows very fast (80-90 mm) in the first year then there is a considerable decrease in growth rate on reaching adulthood when the lip thickens (~13 mm). It is also shown that both growth rates are sufficiently fast to avoid time averaging and the sampling resolution is high enough for seasonal-palaeoclimate studies. 4) δ13CS values of C. fasciatus are likely a function of food availability and changing δ13CDIC of seawater in this region which could be used as a seasonal proxy for primary productivity. but this possibility requires further investigation.  5) High resolution mapping of Mg/Ca intensity ratios using LIBS shows consistent values along the shell edge of an adult specimen. The increase in intensity ratio corresponds to the temperature increase over the 2-3 month period before shell’s death. This suggests a positive correlation between temperature and Mg/Ca within the aragonitic C. 
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 Fig. 1 - Study area and overview of shell midden cluster on the Farasan Archipelago, southern Red Sea. Panels A and B show stratigraphic context of archaeological samples. Panel C shows site JE0087 and location of trench.    
 154 
 Fig. 2 - SST and SSS from January 2012 to March 2014. SST and SSS  provided by the National Oceanic and Atmospheric Administration (NOAA): GLOBAL-HYCOM remote sensor, 60 min, available at http://ecoforecast.coral.noaa.gov/index/0/FARS1/station-home for the Farasan Islands (FARS1).   
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 Fig. 3 - Basic overview of shell anatomy. Left: Mutvei stained shell section; centre: polished shell section; right: living specimen. Scissors indicate location of shell section. Periodic growth increments (daily) are visible in the crossed-lamellar structure of a sectioned shell (J4-2802-28).   
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 Fig. 4 -Representative LIBS spectra showing the minimum and maximum Mg/Ca integrated intensity ratio of emission lines (Mg II at 279.55 nm and Ca II at 317.93 nm; 318.128 nm (double not fully resolved line)).   
 157 
  
 Fig. 5 - Growth increment width from the shell lip of J4-2802-28 and standardized growth index (SGI). SGI removes the age-related growth trend and shows changes in increment width due to environmental and physiological forces. The frequency and the width of the increments reveal a pattern consistent with daily fluctuations closely matching the semidiurnal tidal regime over a 2 month period.   
 158 
 Fig. 6 - Representative Raman spectra of C. fasciatus obtained from the external surface of an intact modern shell both on (blue) and off (red) the characteristic stripe. Peaks assignments associated with aragonite are identified at 151, 204, 700, 704 and 1459 cm-1. The blue spectrum also contains peaks (*) that are associated with carotenoids.   
 Fig. 7 - Correlation between measured average shell edge δ18OS and predicted shell edge δ18OW values using the average temperature of the month before collection. 
!  
Fig. 8 - A) δ18O and δ13C values from two shells collected on 30th May 2013 in Janaba 
Bay; B) δ18O and δ13C values from three shells dated to 6,500 cal BP (JE0087); and C-D) δ18O and 
δ13C values from three shells dated to 4,800 cal BP (JW1727). Notice the changing scale on the x-




 Fig. 9 - Seasonal change of shell edge measurements; white diamonds: δ13C, black diamonds: δ18O. Grey area: predicted  δ18OS based on NOAA temperature measurements and δ18OW values from water collected simultaneous to shell collection; white line: temperature in ºC. The predicted δ18Os is illustrated with an error of one standard deviation.  
 Fig. 10 - LIBS values of Mg/Ca intensity ratio on shell edge of J4-3005-4. Circles show locations of 247 irradiated areas. Colour gradient includes values from high (red, warm) to low (blue, cold) ratios of Mg/Ca. Dotted arrow indicates the direction of growth.  
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Table 1: Radiocarbon dates from JW1727 and JE0087 
Site Lab no. Layer 14C-Age Mar. Res. Corr. BP Range 2 sigma Material Species         JE0087 OxA 28,619 2 5692 ±30 -100 ±50 6077-5920 shell C. fasciatus  OxA 28,797 10 5698 ±33 -100 ±50 6089-5929 shell C. fasciatus  OxA 28,386 14 5132 ±31  5927-5769 charcoal unidentified  OxA 28,072 14 5718 ±30 -100 ±50 6093-5934 shell C. fasciatus  OxA 28,413 27 5232 ±29  5995-5935 charcoal unidentified  OxA 28,860 27 5673 ±31 -100 ±50 6032-5889 shell C. fasciatus  OxA 28,618 35 6185 ±31 -100 ±50 6580-6431 shell C. fasciatus         
JW1727 OxA 28,009 2 4851 ±31 -100 ±50 5108-4873 shell Mussel (Brachidontes sp.)  OxA 27,890 17 4202 ±29  4835-4660 charcoal unidentified  OxA 27,889 23 4287 ±29  4861-4838 charcoal unidentified 
 OxA 28,617 23 4701 ±28 -100 ±50 4907-4735 shell Mussel (Brachidontes sp.)         KM1057 BETA-255384 Base 4850 ±50 -100 ±50 5461-5046 shell Chama reflexa    
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Table 2: Average differences between SST (reported in °C) estimated from δ18OS and SST values by data logger. 
 
  
Collection Date Av, shell edge δ18O Average shell edge δ13C Calculated SST Daily SST Month SST Water δ18O Daily SSS 
16.11.12     n=2 - ±0.42 +1.5 ±0.07 30.7 30.6 31.5 1.71 38.63 18.02.13     n=3 - ±0.07 +1.2 ±0.15 28.0 27.7 27.2 1.40 37.87 28.02.13     n=2 - ±0.05 +0.8 ±0.3 27.5 27.5 27.4 1.32 38.03 30.05.13     n=2 - ±0.07 +1.2 ±0.07 31.5 32.1 31.1 1.22 37.73 28.09.13     n=5 - ±0.13 +1.8 ±0.23 32.2 32.8 32.3 1.47 38.26 11.12.13     n=2 - ±0.08 +1.3 ±0.01 30.8 29.7 30.5 1.94 38.39 
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Table 3: Stable δ18Ow isotope values and salinity measurements for collected water samples 
Location Date δ18Ow  [VSMOW] Salinity [psu] 
Janaba Bay 16. Nov 2012 +1.71 38.6 
 18. Feb 2013 +1.42 37.9 
 28. Feb 2013 +1.32 38.0 
 30. May 2013 +1.22 37.7 
 27. Sep 2013 +1.47 38.3 
 11. Dec 2013 +1.94 38.4 
Khur Maadi 30. May 2013 +1.67  
 27. Sep 2013 +2.52  






Appendix 3: Stable isotope values 
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Appendix 4: Stable isotope values, 
sample locations and results of 






   
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 1 1 0.4 2.95 0.26 24.9 
t 1 2 1.9 2.13 -1.15 31.0 
t 1 3 3.6 3.12 -0.54 28.3 
t 1 4 5.9 3.44 -0.61 28.6 
t 1 5 7.8 3.51 -0.73 29.1 
t 1 6 10.6 3.60 -0.89 29.8 
t 1 7 13.5 3.86 -1.28 31.5 
t 1 8 17.7 3.39 -1.37 31.9 
t 1 9 20.8 3.42 -1.44 32.2 
t 1 10 26.4 3.14 -1.12 30.8 
t 1 11 30.7 3.40 -1.21 31.2 
t 1 12 33.9 3.04 -1.22 31.3 
t 1 13 39.0 2.87 -1.29 31.6 
t 1 14 42.1 3.24 -1.2 31.2 
t 1 15 47.3 2.92 -1.5 32.5 
t 1 16 51.5 2.91 -1.06 30.6 
t 1 17 55.9 2.86 -1.15 31.0 
t 1 18 60.5 2.40 -1.34 31.8 
t 1 19 64.9 2.50 -1.28 31.5 
t 1 20 70.6 3.17 -1.05 30.5 
 Value St. Dev t-value Significance 
B 0.24 0.05 4.74 0.03 
C -0.13 0.29 -0.5 0.63 
D -0.66 0.11 -5.95 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 














Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 2 1 0.7 3.34 -0.98 30.2 
t 2 2 3.7 3.39 -1.01 30.4 
t 2 3 6.9 3.37 -1.22 31.3 
t 2 4 9.2 3.36 -1.18 31.1 
t 2 5 12.4 3.17 -1.44 32.2 
t 2 6 16.4 3.26 -1.63 33.1 
t 2 7 18.5 3.20 -1.33 31.8 
t 2 8 23.0 2.97 -1.19 31.1 
t 2 9 25.7 3.43 -1.35 31.8 
t 2 10 28.6 3.42 -1.63 33.1 
t 2 11 31.6 3.05 -1.11 30.8 
t 2 12 34.6 2.76 -1.1 30.8 
t 2 13 37.6 2.53 -1.36 31.9 
t 2 14 40.6 2.38 -1.01 30.4 
t 2 15 43.6 2.81 -1.19 31.1 
t 2 16 46.6 2.60 -1.22 31.3 
t 2 17 49.6 2.79 -1.24 31.4 
t 2 18 52.6 2.89 -1.05 30.5 
t 2 19 55.6 2.76 -1.18 31.1 
t 2 20 58.6 3.00 -1.12 30.8 
 Value St. Dev t-value Significance 
B 0.19 0.05 4.21 0.00 
C 0.74 0.25 2.91 0.01 
D -0.63 0.06 -10.73 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 















Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 1 1 1.12 2.86 -0.50 28.2 
b 1 2 4.70 2.92 -1.10 30.8 
b 1 3 8.78 3.30 -1.17 31.1 
b 1 4 11.55 3.56 -1.28 31.5 
b 1 5 14.38 3.40 -1.15 31.0 
b 1 6 18.52 3.52 -1.53 32.6 
b 1 7 20.44 3.09 -1.12 30.8 
b 1 8 21.47 3.11 -1.33 31.8 
b 1 9 24.85 3.00 -1.39 32.0 
b 1 10 29.04 2.82 -1.50 32.5 
b 1 11 32.14 2.49 -1.04 30.5 
b 1 12 35.24 2.78 -1.17 31.1 
b 1 13 38.34 2.56 -1.30 31.6 
b 1 14 41.44 2.50 -1.32 31.7 
b 1 15 44.54 2.63 -1.23 31.3 
b 1 16 47.64 2.65 -1.09 30.7 
b 1 17 50.74 2.74 -1.08 30.7 
b 1 18 53.84 2.77 -1.29 31.6 
b 1 19 56.94 2.23 -1.41 32.1 
b 1 20 60.04 2.36 -1.21 31.2 
 Value St. Dev t-value Significance 
B 0.19 0.05 4.06 0.00 
C 0.47 0.24 1.99 0.05 
D -0.56 0.06 -8.59 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 / 0.19 
 













   
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 3 1 0.19 4.86 -0.50 28.2 
b 3 2 0.33 5.18 -0.75 29.2 
b 3 3 0.64 4.61 -0.55 28.4 
b 3 4 0.90 4.88 -0.80 29.5 
b 3 5 1.39 4.64 -0.49 28.1 
b 3 6 1.80 3.71 -0.15 26.6 
b 3 7 2.28 3.70 -0.10 26.4 
b 3 8 2.63 3.70 -0.30 27.3 
b 3 9 2.99 3.77 -0.45 27.9 
b 3 10 3.40 3.82 -0.36 27.5 
 Value St. Dev t-value Significance 
B 0.53 0.19 2.75 0.03 
C -2.86 0.29 -1.30 0.00 
D -0.98 0.09 -11.25 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 5 1 0.19 3.82 -0.98 30.2 
b 5 1a 0.33 3.70 -0.98 30.2 
b 5 2 0.49 3.77 -1.14 30.9 
b 5 3 0.84 3.95 -1.23 31.3 
b 5 4 1.27 3.93 -1.02 30.4 
b 5 5 1.78 3.95 -0.89 29.8 
b 5 6 2.11 3.83 -0.86 29.7 
b 5 7 2.42 3.50 -0.54 28.3 
b 5 8 2.61 3.75 -0.72 29.1 
 Value St. Dev t-value Significance 
B 0.55 0.26 2.10 0.10 
C 1.56 0.88 1.76 0.15 
D -0.51 -0.21 -2.39 0.08 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 6 1 0.20 4.66 -0.78 29.4 
b 6 2 0.47 4.15 -0.35 27.5 
b 6 3 0.76 3.96 -0.08 26.3 
b 6 4 1.07 3.69 -0.19 26.8 
b 6 5 1.53 3.67 -0.16 26.7 
b 6 6 1.78 3.88 -0.41 27.8 
b 6 7 2.09 4.15 -0.34 27.5 
b 6 8 2.29 4.04 -0.59 28.5 
 Value St. Dev t-value Significance 
B -1.25 0.19 -6.52 0.00 
C 6.29 0.26 24.33 0.00 
D -0.81 0.08 -9.61 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 8 1 0.11 4.22 -0.74 29.2 
b 8 2 0.47 4.85 -0.76 29.3 
b 8 3 0.88 4.27 -0.95 30.1 
b 8 4 1.16 3.93 -0.89 29.8 
b 8 5 1.44 4.18 -1.01 30.4 
b 8 6 1.85 4.12 -1.03 30.5 
b 8 7 2.04 4.16 -0.75 29.2 
b 8 8 2.15 3.95 -0.87 29.8 
b 8 9 2.48 3.82 -1.11 30.8 
b 8 10 2.90 3.34 -1.03 30.5 
 Value St. Dev t-value Significance 
B 0.23 0.37 0.61 0.57 
C 0.70 0.52 1.33 0.23 
D -0.33 0.32 -1.03 0.34 
 R2 Res. St. dev IQR Shapiro-Wilkins 



















Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 1 1 0.02 3.89 -1.14 30.9 
t 1 2 0.46       
t 1 3 0.76 3.39 -1.40 32.0 
t 1 4 1.19 3.53 -1.26 31.5 
t 1 5 1.65 3.44 -1.04 30.5 
t 1 6 2.24 3.82 -1.19 31.2 
t 1 7 2.59 3.89 -1.25 31.4 
t 1 8 2.94 3.76 -1.36 31.9 
t 1 9 3.44 3.99 -1.40 32.1 
t 1 15 3.44 4.00 -1.43 32.2 
t 1 10 3.84 4.05 -1.31 31.7 
t 1 11 4.21 4.03 -1.28 31.5 
t 1 12 4.62 3.89 -1.34 31.8 
t 1 13 5.07 3.85 -1.08 30.7 
t 1 14 5.49 3.87 -1.06 30.6 
       
 Value St. Dev t-value Significance 
B / / / / 
C / / / / 
D / / / / 
 R2 Res. St. dev IQR Shapiro-Wilkins 












 Value St. Dev t-value Significance 
B 1.01 0.13 7.85 0.00 
C -0.17 0.14 -1.16 0.29 
D -0.92 0.04 -26.11 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.90 0.08 0.10 0.89  
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 2 1 0.21 4.11 -0.94 30.1 
t 2 2 0.58 4.22 -1.27 31.5 
t 2 3 0.89 4.37 -1.28 31.5 
t 2 4 1.17 4.31 -1.54 32.7 
t 2 5 1.48 4.18 -1.65 33.1 
t 2 6 1.67 3.9 -1.66 33.2 
t 2 7 1.78 3.63 -1.56 32.8 
t 2 8 1.98 3.71 -1.51 32.5 
t 2 9 2.10 3.62 -1.69 33.3 
t 2 10 2.23 3.77 -1.49 32.4 











 Value St. Dev t-value Significance 
B -0.81 0.07 -12.19 0.00 
C -0.78 0.12 -6.64 0.00 
D -1.79 0.02 -88.00 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.95 0.04 0.02 0.42  
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 3 1 0.29 3.47 -1.19 31.1 
t 3 2 0.69 3.79 -1.09 30.7 
t 3 3 1.01 3.88 -1.12 30.8 
t 3 4 1.27 4.01 -1.12 30.8 
t 3 5 1.52 4.32 -1.17 31.1 
t 3 6 1.78 4.23 -1.24 31.4 
t 3 7 2.08 4.17 -1.29 31.6 
t 3 8 2.44 3.88 -1.58 32.8 
t 3 9 2.78 3.72 -1.52 32.6 
t 3 10 3.15 3.60 -1.53 32.6 
       











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 4 1 0.45 3.49 -1.09 30.7 
t 4 2 0.79 3.64 -1.08 30.7 
t 4 3 1.21 3.35 -1.23 31.3 
t 4 4 1.67 3.89 -1.21 31.2 
t 4 5 1.95 4.15 -1.29 31.6 
t 4 6 2.42 4.03 -1.33 31.8 
t 4 7 3.54 3.28 -1.45 32.3 
t 4 8 4.65 3.46 -1.47 32.4 
t 4 9 6.71 3.71 -1.35 31.8 
t 4 10 7.00 4.03 -1.35 31.8 
       
 Value St. Dev t-value Significance 
B 0.27 0.02 16.73 0.00 
C 0.32 0.06 5.62 0.00 
D -0.77 0.02 -41.93 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 5 1 0.32 3.56 -0.75 29.2 
t 5 2 0.64 3.66 -0.88 29.8 
t 5 3 1.09 3.74 -1.11 30.8 
t 5 4 1.39 3.18 -0.93 30.0 
t 5 5 1.64 3.53 -1.07 30.6 
t 5 6 1.85 3.89 -1.37 31.9 
t 5 7 2.05 3.88 -1.24 31.4 
t 5 8 2.15 3.91 -1.32 31.7 
t 5 9 2.27 3.99 -1.18 31.1 
       
 Value St. Dev t-value Significance 
B 0.50 0.32 1.55 0.17 
C 0.02 0.41 0.06 0.96 
D -0.64 0.37 -1.73 0.14 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 6 1 0.29 3.76 -0.89 29.8 
t 6 2 0.78 4.32 -0.91 29.9 
t 6 3 1.17 4.62 -2.59 37.2 
t 6 4 1.37 4.60 -1.02 30.4 
t 6 5 1.77 4.57 -1.2 31.2 
t 6 6 2.06 3.40 -1.31 31.7 
t 6 7 2.26 4.03 -1.51 32.5 
t 6 8 2.48 4.27 -1.16 31.0 
t 6 9 2.67 4.20 -1.4 32.1 
t 6 10 2.89 3.96 -1.36 31.9 
       
       
 Value St. Dev t-value Significance 
B 0.40 0.23 1.70 0.14 
C -0.01 0.44 -0.01 0.99 
D -0.75 0.38 -2.00 0.09 
 R2 Res. St. dev IQR Shapiro-Wilkins 

















Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 4 1 0.32 4.72 -0.91 29.9 
m 4 2 1.00 3.97 -1.75 33.6 
m 4 3 1.57 4.03 -1.65 33.1 
m 4 4 2.07 3.86 -1.49 32.4 
m 4 5 2.51 3.95 -1.55 32.7 
m 4 6 2.83 4.01 -1.78 33.7 
m 4 7 3.16 3.89 -1.47 32.4 
       
 Value St. Dev t-value Significance 
B 1.52 0.52 2.95 0.04 
C -0.12 0.48 -0.25 0.81 
D -1.00 0.14 -7.31 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











 Value St. Dev t-value Significance 
B 0.34 0.13 2.69 0.03 
C 1.05 0.27 3.83 0.01 
D -0.67 0.03 -19.82 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.25 0.08 0.04 0.00  
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 5 1 0.22 3.88 -1.25 31.4 
m 5 2 0.56 3.57 -1.38 32.0 
m 5 3 0.83 3.85 -1.4 32.1 
m 5 4 1.10 4.08 -1.38 32.0 
m 5 5 1.26 3.89 -1.4 32.1 
m 5 6 1.34 3.83 -1.42 32.1 
m 5 7 1.38 4.10 -1.2 31.2 
m 5 8 1.94 3.62 -1.37 31.9 
m 5 9 2.52 3.48 -1.35 31.8 
m 5 10 3.30 3.02 -1.25 31.4 











 Value St. Dev t-value Significance 
B 3.2 0.35 9.08 0.00 
C -1.39 0.59 -2.37 0.08 
D -1.50 0.14 -10.55 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 / 0.37 0.39 0.86 
 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 7 1 0.34 4.30 -1.09 30.7 
m 7 2 0.69     26.0 
m 7 3 1.17 3.54 -1.56 32.8 
m 7 4 1.44 3.20 -1.37 31.9 
m 7 5 1.72 3.21 -1.24 31.4 
m 7 6 1.94 3.42 -1.23 31.3 
m 7 7 2.11 3.47 -1.07 30.6 
m 7 8 2.24     26.0 
m 7 9 2.33     26.0 
m 7 10 2.46 3.81 -1.5 32.5 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 8 1 0.33 3.75 -1.37 31.9 
m 8 2 0.77 3.50 -1.46 32.3 
m 8 3 1.21 3.10 -1.48 32.4 
m 8 4 1.71 3.15 -1.47 32.4 
m 8 5 2.41 3.25 -1.5 32.5 
m 8 6 3.09 3.33 -1.24 31.4 
m 8 7 3.31 3.08 -1.25 31.4 
m 8 8 3.44 3.10 -1.26 31.5 
m 8 9 3.53 2.96 -1.14 30.9 
m 8 10 3.60 3.09 -0.98 30.2 
       
 Value St. Dev t-value Significance 
B 0.51 0.05 9.43 0.00 
C 0.77 0.14 5.57 0.00 
D -0.80 0.03 -28.93 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











 Value St. Dev t-value Significance 
B 2.41 0.16 15.16 0.00 
C -0.62 0.39 -1.61 0.13 
D -1.02 0.11 -9.30 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 -6.39 0.41 0.47 0.77  
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 12 1 0.04 3.82 -0.87 29.8 
m 12 3 0.33 3.48 -1.21 31.2 
m 12 2 0.58 2.88 -1.26 31.5 
m 12 4 0.88 3.02 -1.24 31.4 
m 12 5 1.09 3.06 -1.37 31.9 
m 12 6 1.62 3.13 -1.14 30.9 
m 12 13 1.67 3.34 -1.01 30.4 
m 12 7 2.13 3.10 -1.05 30.5 
m 12 14 2.50 3.58 -0.98 30.2 
m 12 8 2.53 3.30 -0.90 29.9 
m 12 9 2.89 3.35 -1.08 30.7 
m 12 15 3.09 3.72 -1.21 31.2 
m 12 10 3.27 3.57 -1.07 30.6 
m 12 11 3.66 3.30 -1.17 31.1 
m 12 12 4.07 3.39 -1.14 30.9 











 Value St. Dev t-value Significance 
B 0.52 0.07 7.80 0.00 
C 1.09 0.17 6.61 0.00 
D -0.42 0.03 -14.49 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.82 0.08 0.14 0.01  
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 13 1 0.02 4.98 -0.98 30.3 
m 13 13 0.18 4.94 -0.98 30.3 
m 13 14 0.45 4.42 -1.10 30.8 
m 13 2 0.58 3.87 -1.23 31.3 
m 13 3 0.82 4.43 -1.18 31.1 
m 13 4 1.00 4.80 -1.04 30.5 
m 13 5 1.21 4.15 -1.20 31.2 
m 13 6 1.43 3.86 -1.21 31.2 
m 13 7 1.67 3.48 -1.01 30.4 
m 13 8 1.87 3.03 -0.99 30.3 
m 13 9 2.24 2.59 -0.90 29.9 
m 13 10 2.53 2.49 -0.81 29.5 
m 13 11 2.75 2.75 -0.81 29.5 
m 13 12 2.85 2.85 -0.73 29.1 
m 13 15 3.66 3.36 -0.62 28.7 









1727-8-B-1   
 Value St. Dev t-value Significance 
B 0.23 0.12 1.95 0.11 
C 0.88 0.36 2.46 0.06 
D -0.13 0.07 -1.82 0.13 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.18 0.13 0.14 0.95  
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 1 1 0.26 1.96 -0.63 28.7 
b 1 2 0.70 3.22 -0.8 29.5 
b 1 3 1.05 2.89 -0.83 29.6 
b 1 4 1.51 1.97 -0.62 28.7 
b 1 5 1.86 2.50 -0.98 30.2 
b 1 6 2.16     26.0 
b 1 7 2.72 3.57 -0.84 29.6 
b 1 8 2.99     26.0 
b 1 9 3.18 3.19 -0.75 29.2 
b 1 10 5.33 4.02 -0.75 29.2 
b 1 11 8.67     26.0 
b 1 12 11.88     26.0 
b 1 13 16.06 3.51 -0.73 29.1 
b 1 14 21.21 2.59 -1.18 31.1 
b 1 15 25.99 2.37 -1.4 32.1 
b 1 16 30.44 2.73 -1.53 32.6 
b 1 17 35.36 2.69 -1.37 31.9 
b 1 18 38.08 2.71 -1.32 31.7 
b 1 19 41.10 2.30 -1.72 33.4 











 Value St. Dev t-value Significance 
B 0.27 0.15 1.77 0.11 
C 2.85 0.69 4.12 0.00 
D -1.21 0.33 -3.67 0.01 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.30 0.42 0.48 0.64  
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 2 1 0.21 4.05 -0.77 29.3 
b 2 2 0.52 3.80 -1.41 32.1 
b 2 3 0.83 3.60 -2.08 35.0 
b 2 4 1.10 3.59 -1.38 32.0 
b 2 5 1.40 4.11 -0.87 29.8 
b 2 6 1.71 4.18 -0.76 29.3 
b 2 7 1.91 4.40 -1.07 30.6 
b 2 8 2.14 4.69 -1.23 31.3 
b 2 9 2.45 4.63 -1.23 31.3 
b 2 10 2.70 4.40 -0.5 28.2 
b 2 11 2.90       
b 2 12 5.47 3.38 -0.61 28.6 
b 2 13 9.26 3.05 -0.64 28.8 











 Value St. Dev t-value Significance 
B 0.29 0.09 3.11 0.03 
C 0.94 0.21 4.52 0.01 
D -0.72 0.04 -18.59 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.35 0.07 0.07 0.92  
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 3 1 0.16 4.77 -1.29 31.6 
b 3 2 0.61 4.09 -1.41 32.1 
b 3 3 1.12 3.68 -1.32 31.7 
b 3 4 1.58       
b 3 5 2.05 3.30 -1.51 32.5 
b 3 6 2.51 4.02 -1.32 31.7 
b 3 7 2.83 3.67 -1.43 32.2 
b 3 8 3.14     26.0 
b 3 9 3.18 3.92 -1.43 32.2 
b 3 10 4.16 3.78 -1.31 31.7 











 Value St. Dev t-value Significance 
B 0.56 0.16 3.60 0.01 
C 0.97 0.60 1.62 0.16 
D -1.23 0.13 -9.83 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.81 0.20 0.26 0.60  
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 4 1 0.61 3.01 -2.03 34.8 
b 4 2 1.49 2.85 -1.73 33.5 
b 4 3 1.93 3.62 -1.81 33.8 
b 4 4 2.45 4.08 -1.68 33.3 
b 4 5 2.99 3.37 -1.68 33.3 
b 4 6 3.38 3.03 -1.74 33.5 
b 4 7 3.86 3.19 -1.03 30.5 
b 4 8 4.18 2.70 -1.18 31.1 
b 4 9 4.38 2.59 -0.89 29.9 









1727-8-B-5   
 
Value St. Dev t-value Significance 
B 2.83 0.21 13.37 0.00 
C -4.39 0.54 -8.12 0.00 
D -1.18 0.15 -7.84 0.00 
 
R2 Res. St. dev IQR Shapiro-Wilkins 
 
0.12 0.36 0.33 0.84 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 5 1 0.25 4.36 -1.38 32.0 
b 5 2 0.76 3.52 -0.79 29.4 
b 5 3 1.31 3.53 -0.80 29.5 
b 5 4 1.65       
b 5 5 2.08 4.03 -1.38 32.0 
b 5 6 2.42 4.03 -1.50 32.5 
b 5 7 2.72 4.16 -1.44 32.2 
b 5 8 3.19       
b 5 9 3.78 3.46 -1.41 32.1 











 Value St. Dev t-value Significance 
B 0.33 0.24 1.34 0.23 
C 1.57 1.12 1.41 0.21 
D -0.70 0.24 -2.96 0.03 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.52 0.20 0.23 0.69 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 7 1 0.31 3.30 -1.41 32.1 
b 7 2 0.85 3.03 -1.49 32.4 
b 7 3 1.22 3.23 -1.23 31.3 
b 7 4 1.63 3.57 -1.32 31.7 
b 7 5 2.01 3.81 -0.97 30.2 
b 7 6 2.43 4.09 -1.25 31.4 
b 7 7 2.84 3.48 -1.24 31.4 
b 7 8 3.48 3.19 -1.25 31.4 
b 7 9 4.01 2.93 -0.64 28.8 











 Value St. Dev t-value Significance 
B 0.53 0.11 4.83 0.00 
C -0.10 0.20 -0.49 0.64 
D -0.58 0.06 -9.00 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.82 0.14 0.12 0.71 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 1 1 0.06 4.09 -0.72 29.1 
m 1 2 0.57 3.33 -0.50 28.1 
m 1 3 0.96 3.79 -0.78 29.4 
m 1 4 1.28 3.81 -0.94 30.1 
m 1 5 1.72 4.31 -1.26 31.5 
m 1 6 2.35 4.10 -1.27 31.5 
m 1 7 2.97 3.55 -1.20 31.2 
m 1 8 3.44 3.28 -1.27 31.5 
m 1 9 3.86 3.34 -1.19 31.2 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 3 1 0.10 3.92 -0.83 29.6 
m 3 2 0.40 4.05 -1.19 31.2 
m 3 3 0.91 3.72 -1.27 31.5 
m 3 4 1.36 3.63 -1.19 31.1 
m 3 5 1.87 4.00 -1.44 32.2 
m 3 6 2.29 4.03 -0.52 28.3 
m 3 7 2.83 3.14 -0.68 28.9 
m 3 8 3.36 3.31 -1.08 30.7 
m 3 9 3.95 3.53 -1.29 31.6 
m 3 10 4.53 3.87 -1.21 31.2 
       
 Value St. Dev t-value Significance 
B 2.10 0.15 13.63 0.00 
C -0.67 0.39 -1.74 0.10 
D -0.97 0.13 -7.31 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











 Value St. Dev t-value Significance 
B -0.43 0.20 -1.95 0.05 
C 0.39 1.15 1.15 0.10 
D -1.74 0.98 -1.78 0.10 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.72 0.20 0.17 0.99 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 4 1 0.12 2.56 -3.05 39.2 
m 4 2 0.35 3.71 -1.77 33.7 
m 4 3 0.62 3.42 -2.17 35.4 
m 4 4 0.97 3.93 -1.50 32.5 
m 4 5 1.32 3.57 -1.79 33.8 
m 4 6 1.71 3.67 -1.48 32.4 
m 4 7 2.13 3.66 -1.43 32.2 
m 4 8 2.47 3.69 -1.31 31.7 
m 4 9 2.80 3.84 -1.14 30.9 
m 4 10 3.10 4.01 -1.25 31.4 











 Value St. Dev t-value Significance 
B 0.51 0.04 11.24 0.00 
C 0.11 0.14 0.79 0.46 
D -0.90 0.04 -22.99 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.87 0.07 0.07 0.73 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 5 1 0.08 2.21 -3.00 39.0 
m 5 2 0.58 3.63 -1.14 30.9 
m 5 3 0.98 3.04 -1.30 31.6 
m 5 4 1.46 3.30 -1.46 32.3 
m 5 5 2.07 3.38 -1.63 33.1 
m 5 6 2.56 3.49 -1.49 32.5 
m 5 7 3.10 2.98 -1.66 33.2 
m 5 8 3.94 3.73 -1.43 32.2 
m 5 9 4.56 3.67 -1.40 32.1 
m 5 10 5.16 3.71 -1.21 31.2 











 Value St. Dev t-value Significance 
B 1.40 0.11 12.35 0.00 
C 2.87 0.36 7.96 0.00 
D -1.38 0.12 -11.31 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.32 0.33 0.45 0.74 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 6 1 0.07 4.17 -1.38 32.0 
m 6 2 0.70 3.99 -1.26 31.4 
m 6 3 1.26 2.85 -0.85 29.7 
m 6 4 1.88 2.67 -1.29 31.6 
m 6 5 2.36 2.62 -1.28 31.5 
m 6 6 3.04 3.25 -1.59 32.9 
m 6 7 3.75 3.30 -1.61 33.0 
m 6 8 4.44 3.30 -1.53 32.6 
m 6 9 5.05 3.19 -1.25 31.4 
m 6 10 5.46 4.30 -0.48 28.1 











 Value St. Dev t-value Significance 
B 0.48 0.14 3.16 0.01 
C 0.04 0.20 0.18 0.10 
D -0.68 0.10 -6.82 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.76 0.16 0.17 0.37 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 7 1 0.13 4.32 -0.84 29.6 
m 7 2 0.41 4.68 -0.82 29.5 
m 7 3 0.90 3.15 -0.72 29.1 
m 7 4 1.18 3.45 -1.16 31.0 
m 7 5 1.55 3.06 -1.37 31.9 
m 7 6 1.87 2.57 -1.36 31.9 
m 7 7 2.28 2.83 -1.38 32.0 
m 7 8 2.71 2.69 -1.28 31.5 
m 7 9 3.26 2.91 -1.34 31.8 
m 7 10 3.62 2.93 -1.55 32.7 











 Value St. Dev t-value Significance 
B 0.95 0.25 3.73 0.01 
C 3.31 0.54 6.17 0.00 
D -1.64 0.12 -13.92 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.64 0.20 0.13 0.72 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 8 1 0.04 2.74 -2.97 38.9 
m 8 2 0.59 4.28 -1.14 30.9 
m 8 3 1.07 3.20 -0.91 29.9 
m 8 4 1.49 3.41 -1.20 31.2 
m 8 5 1.91 3.19 -1.05 30.5 
m 8 6 2.27 3.77 -0.80 29.4 
m 8 7 2.58 3.15 -1.25 31.4 
m 8 8 2.82 3.11 -1.55 32.7 
m 8 9 3.00 3.07 -1.61 33.0 
m 8 10 3.2 2.95 -1.98 34.6 












Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 1 1 0.06 +3.48 -0.98 +30.2 
b 1 2 0.28 +3.40 -1.19 +31.1 
b 1 3 0.53 +2.24 -1.76 +33.6 
b 1 4 0.83 +3.73 -0.89 +29.8 
b 1 5 1.12 +3.36 -1.26 +31.5 
b 1 6 1.39 +3.67 -1.47 +32.4 
b 1 7 1.93 +3.62 -0.93 +30.0 
b 1 8 2.20 +3.04 -0.65 +28.8 
b 1 9 2.60 +2.74 -0.51 +28.2 
b 1 10 3.02 +3.22 -0.86 +29.7 
b 1 11 3.48 +3.37 -1.21 +31.2 
b 1 12 3.73 +3.34 -1.34 +31.8 
b 1 13 4.21 +2.69 -1.53 +32.6 
b 1 14 4.76 +2.74 -1.42 +32.1 
b 1 15 5.21 +2.44 -1.39 +32.0 
b 1 16 5.74 +2.60 -0.73 +29.2 
b 1 17 6.19 +2.65 -1.45 +32.3 
b 1 18 6.68 +2.75 -1.20 +31.2 
b 1 19 7.01 +2.90 -1.06 +30.6 
b 1 20 7.37 +3.00 -0.97 +30.2 
b 1 21 7.75 +2.90 -1.17 +31.1 
b 1 22 8.14 +2.70 -1.20 +31.2 
b 1 23 8.50 +2.88 -1.02 +30.4 
b 1 24 8.86 +2.63 -1.21 +31.2 
b 1 25 9.04 +2.39 -1.19 +31.1 
       
 Value St. Dev t-value Significance 
B / / / / 
C / / / / 
D / / / / 
 R2 Res. St. dev IQR Shapiro-Wilkins 










1727-13-B-2   
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 2 1 0.04 +3.20 -1.33 +31.8 
b 2 13 0.33 +3.93 -1.22 +31.3 
b 2 2 0.39 +3.78 -1.28 +31.5 
b 2 12 0.68 +3.94 -1.40 +32.1 
b 2 3 0.87       
b 2 4 1.13 +4.14 -1.12 +30.8 
b 2 5 1.36 +4.21 -1.24 +31.4 
b 2 6 1.63 +4.17 -1.17 +31.1 
b 2 7 1.88 +3.39 -0.92 +30.0 
b 2 8 2.19 +2.93 -0.87 +29.8 
b 2 9 2.55 +2.86 -0.69 +29.0 
b 2 10 2.75 +3.04 -0.47 +28.0 
b 2 11 2.95 +3.22 -0.45 +27.9 
       
 Value St. Dev t-value Significance 
B 0.76 0.08 9.92 0.00 
C 1.17 0.17 6.76 0.00 
D -0.61 0.03 -17.86 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











 Value St. Dev t-value Significance 
B 0.14 1.23 0.11 0.91 
C 1.52 2.95 0.52 0.62 
D -0.88 0.12 -7.27 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.00 0.20 0.29 0.41 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 4 1 0.07 +0.48 -1.78 +33.7 
b 4 2 0.62 +3.72 -1.27 +31.5 
b 4 3 0.87 +3.38 -1.59 +32.9 
b 4 4 1.18 +3.24 -1.43 +32.2 
b 4 5 1.66 +3.35 -1.60 +32.9 
b 4 6 1.76 +3.45 -1.69 +33.3 
b 4 7 1.91 +3.50 -1.74 +33.5 
b 4 8 2.05 +3.28 -1.76 +33.6 
b 4 9 2.32 +3.40 -1.47 +32.4 
b 4 10 2.55 +3.30 -1.38 +32.0 











 Value St. Dev t-value Significance 
B 1.33 0.11 12.01 0.00 
C -3.35 0.37 -9.01 0.00 
D -1.23 0.12 -10.59 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.06 0.34 0.30 0.40 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 5 1 0.14 +3.49 -1.15 +31.0 
b 5 2 0.63 +3.38 -1.12 +30.9 
b 5 3 1.04 +2.95 -0.55 +28.4 
b 5 4 1.62 +3.22 -1.21 +31.3 
b 5 5 2.35 +3.75 -1.04 +30.5 
b 5 6 3.21 +3.44 -1.58 +32.8 
b 5 7 3.68 +3.26 -1.54 +32.7 
b 5 8 4.16 +3.26 -1.54 +32.7 
b 5 9 4.63 +3.58 -1.33 +31.8 
b 5 10 4.92 +3.64 -1.35 +31.8 











 Value St. Dev t-value Significance 
B -0.59 0.20 -3.00 0.02 
C -0.75 0.47 -1.61 0.15 
D -1.52 0.12 -12.99 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.45 0.23 0.30 0.35 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 6 1 0.13 +4.97 -1.06 +30.6 
b 6 2 0.42 +4.32 -0.75 +29.2 
b 6 3 0.85 +4.02 -1.12 +30.9 
b 6 4 1.18 +4.01 -0.58 +28.5 
b 6 5 1.68 +4.03 -1.08 +30.7 
b 6 6 2.25 +2.96 -0.63 +28.7 
b 6 7 2.74 +2.91 -1.09 +30.7 
b 6 8 3.11 +2.79 -1.19 +31.2 
b 6 9 3.38 +2.70 -1.40 +32.0 
b 6 10 3.61 +3.12 -1.19 +31.1 











 Value St. Dev t-value Significance 
B 0.69 0.10 6.87 0.00 
C -0.14 0.24 -0.60 0.57 
D -0.56 0.08 -7.39 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.73 0.15 0.11 0.66 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 7 1 0.11 +3.37 -0.75 +29.3 
b 7 2 0.78 +2.96 -0.56 +28.4 
b 7 3 1.30 +3.44 -1.02 +30.4 
b 7 4 1.79 +4.10 -1.19 +31.1 
b 7 5 2.21 +3.71 -1.26 +31.4 
b 7 6 2.72 +3.88 -1.27 +31.5 
b 7 7 3.11 +3.77 -1.29 +31.6 
b 7 8 3.52 +3.41 -1.19 +31.2 
b 7 9 3.92 +3.23 -0.91 +29.9 
b 7 10 4.02 +3.90 -0.81 +29.5 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 8 1 0.04 +3.21 -0.79 +29.4 
b 8 2 0.55 +3.42 -1.42 +32.1 
b 8 3 1.02 +3.29 -1.95 +34.5 
b 8 4 1.54 +3.18 -1.53 +32.6 
b 8 5 2.05 +3.03 -1.54 +32.7 
b 8 6 2.52 +2.93 -1.50 +32.5 
b 8 7 2.82 +3.27 -1.37 +31.9 
b 8 8 3.09 +3.21 -1.43 +32.2 
b 8 9 3.34 +3.25 -1.35 +31.8 
b 8 10 3.70 +3.48 -1.39 +32.0 
       
 Value St. Dev t-value Significance 
B 0.69 0.18 3.85 0.01 
C 0.20 0.37 0.53 0.61 
D -0.94 0.13 -7.43 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 












Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 4 1 0.18 +4.48 -1.37 31.9 
t 4 3 0.71 +4.40 -0.67 28.9 
t 4 2 0.86 +4.40 -0.69 29.0 
t 4 4 1.30 +3.83 -0.55 28.4 
t 4 13 1.36 +4.13 -0.45 27.9 
t 4 5 1.69 +4.01 -0.71 29.1 
t 4 6 2.17 +3.93 -1.02 30.4 
t 4 7 2.57 +4.33 -1.37 31.9 
t 4 9 2.99 +4.22 -1.35 31.8 
t 4 8 3.11 +4.10 -1.36 31.9 
t 4 10 3.56 +3.96 -1.37 31.9 
t 4 11 3.85 +4.06 -1.23 31.3 
t 4 12 4.07 +4.21 -0.95 30.1 
       
 Value St. Dev t-value Significance 
B 1.77 0.08 21.43 0.00 
C 2.35 0.23 10.40 0.00 
D -1.02 0.06 -16.75 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 6 1 0.10 4.69 -0.76 29.3 
t 6 2 0.37 4.72 -1.02 30.4 
t 6 3 0.59 5.32 -1.12 30.8 
t 6 4 0.92 4.74 -1.16 31.0 
t 6 5 1.65 4.26 -1.16 31.0 
t 6 6 1.22 4.36 -1.13 30.9 
t 6 7 2.15 4.21 -1.29 31.6 
t 6 8 2.54 4.39 -1.15 31.0 
t 6 9 2.91 4.19 -1.47 32.4 
t 6 10 3.35 4.12 -1.22 31.3 
t 6 11 3.76 4.25 -1.26 31.4 
t 6 12 4.23 4.16 -1.13 30.9 
t 6 13 4.46 4.01 -1.21 31.2 
t 6 14 4.68 3.96 -0.90 29.9 
t 6 15 4.93 4.39 -0.70 29.0 
       
 Value St. Dev t-value Significance 
B 0.50 0.06 8.88 0.00 
C 0.29 0.16 1.87 0.05 
D -0.62 0.05 -11.69 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











 Value St. Dev t-value Significance 
B 0.58 0.09 6.70 0.00 
C 0.40 0.23 1.75 0.11 
D -0.27 0.07 -4.10 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.57 0.16 0.23 0.02 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 7 1 0.06 5.34 -0.79 29.4 
t 7 2 0.48 4.95 -0.56 28.4 
t 7 3 0.76 3.57 -0.65 28.8 
t 7 4 1.32 4.85 -0.88 29.8 
t 7 5 1.02 4.85 -0.78 29.3 
t 7 6 1.63 4.98 -0.92 30.0 
t 7 7 1.79 4.76 -1.13 30.9 
t 7 8 2.31 3.61 -1.00 30.3 
t 7 9 2.63 2.79 -0.79 29.4 
t 7 10 3.08 2.83 -0.81 29.5 
t 7 11 3.47 2.84 -0.61 28.6 
t 7 12 3.85 2.6 -0.53 28.3 
t 7 13 4.17 2.7 -0.32 27.4 
t 7 14 4.23 4.48 -0.70 29.0 
t 7 15 2.53 3.52 -1.20 31.2 









1727-18-M-1   
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 1 1 0.17 3.64 -0.82 +29.54 
m 1 2 0.38 3.55 -0.84 +29.62 
m 1 3 0.45 3.77 -0.99 +30.28 
m 1 4 0.89 4.16 -1.01 +30.38 
m 1 5 1.07 4.25 -0.99 +30.26 
m 1 6 1.68 4.14 -0.94 +30.06 
m 1 7 1.92 3.77 -0.53 +28.30 
m 1 8 2.25     +25.98 
m 1 9 2.52     +25.98 
m 1 10 2.92 3.85 -0.55 +28.37 
m 1 11 3.10 4.03 -0.49 +28.11 
m 1 12 3.30 3.95 -0.63 +28.70 
       
 Value St. Dev t-value Significance 
B 0.40 0.20 2.05 0.05 
C 1.40 0.61 2.29 0.05 
D -0.22 0.07 -3.02 0.01 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 2 1 0.16 4.19 -0.27 +27.17 
m 2 2 0.31 3.6 -0.07 +26.29 
m 2 3 0.73 3.55 -0.37 +27.58 
m 2 4 1.00 3.6 -0.54 +28.34 
m 2 5 1.46 3.55 -0.68 +28.94 
m 2 6 1.65 3.71 -0.84 +29.63 
m 2 7 2.21 3.98 -0.86 +29.73 
m 2 8 2.37 3.9 -0.97 +30.21 
m 2 9 2.65 4.24 -0.94 +30.04 
m 2 10 2.89 4.3 -1.04 +30.50 
m 2 11 3.28 4.48 -1.14 +30.93 
m 2 12 3.48 4.2 -0.97 +30.21 
m 2 13 3.93 4.01 -0.92 +29.97 
       
 Value St. Dev t-value Significance 
B 0.62 0.05 11.48 0.00 
C -0.37 0.10 -3.70 0.01 
D -0.33 0.03 -10.13 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 3 1 0.09 3.95 -1.16 +31.00 
m 3 2 0.41 4.06 -0.81 +29.50 
m 3 3 0.49 4.09 -1.22 +31.26 
m 3 4 0.81 4.02 -0.91 +29.94 
m 3 5 0.95 3.73 -1.26 +31.44 
m 3 6 1.15 3.72 -1.23 +31.31 
m 3 7 1.41 3.3 -2.06 +34.91 
m 3 8 1.56 3.68 -1.48 +32.40 
m 3 9 1.97     +25.98 
m 3 10 2.29 3.49 -1.09 +30.72 
m 3 11 2.56 3.56 -0.94 +30.04 
m 3 12 2.73 3.42 -1.40 +32.05 
       
 Value St. Dev t-value Significance 
B 0.90 0.34 2.66 0.01 
C 0.13 0.53 0.24 0.10 
D -0.74 0.17 -4.33 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











 Value St. Dev t-value Significance 
B -0.46 0.10 -4.54 0.00 
C -0.87 0.27 -3.21 0.01 
D -1.28 0.06 -21.65 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.46 0.16 0.18 0.83 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 4 1 0.07 5.18 -0.77 +29.31 
m 4 2 0.24 4.68 -0.91 +29.91 
m 4 3 0.54 3.13 -0.45 +27.93 
m 4 4 0.91 3.1 -0.53 +28.29 
m 4 5 1.37 3.2 -0.28 +27.22 
m 4 6 1.57 3.24 -0.71 +29.05 
m 4 7 1.85 3.01 -0.80 +29.44 
m 4 8 2.00 3.19 -0.69 +28.99 
m 4 9 2.34 3.29 -0.71 +29.05 
m 4 10 2.58 3.41 -0.59 +28.55 
m 4 11 2.91 3.4 -0.59 +28.56 
m 4 12 3.14 3.47 -0.88 +29.82 
m 4 13 3.59 3.45 -0.82 +29.53 
m 4 14 3.81 3.45 -0.93 +30.02 
m 4 15 4.08 3.48 -1.02 +30.41 











 Value St. Dev t-value Significance 
B 0.72 0.08 9.33 0.00 
C 0.37 0.19 1.89 0.05 
D -0.51 0.06 -7.99 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.81 0.16 0.20 0.08 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 5 1 0.06 4.84 -0.71 +29.05 
m 5 3 0.25 4.32 -0.92 +29.96 
m 5 2 0.55 4.22 -0.88 +29.79 
m 5 5 0.84 3.9 -1.39 +32.03 
m 5 4 1.23 4.1 -1.00 +30.34 
m 5 6 1.56 3.92 -1.16 +31.00 
m 5 7 1.63 3.75 -1.35 +31.86 
m 5 8 1.97 3.47 -1.23 +31.30 
m 5 9 2.23 2.22 -1.10 +30.74 
m 5 10 2.70 2.29 -0.92 +29.96 
m 5 11 3.14 2.84 -1.01 +30.35 
m 5 12 3.53 2.91 -0.54 +28.34 
m 5 13 3.82 2.98 -0.48 +28.08 
m 5 14 4.12 3 -0.62 +28.69 
m 5 15 4.26 3.09 -0.21 +26.89 











 Value St. Dev t-value Significance 
B -0.43 0.19 -2.25 0.01 
C -1.34 0.69 -1.96 0.10 
D -1.16 0.11 -10.50 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.47 0.27 0.23 0.09 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 6 1 0.14 4.36 -0.72 +29.11 
m 6 3 0.33 4.73 -0.27 +27.17 
m 6 2 0.40 4.46 -0.41 +27.74 
m 6 4 0.81 3.5 -0.36 +27.56 
m 6 5 0.95 3.54 -0.27 +27.14 
m 6 6 1.16 4.06 -0.35 +27.50 
m 6 7 1.53 4.49 -1.04 +30.50 
m 6 8 1.69 3.96 -1.03 +30.47 
m 6 9 1.98 3.36 -0.24 +27.02 
m 6 10 2.32 3.22 -0.41 +27.76 
m 6 11 2.72 3.23 -0.69 +28.96 
m 6 12 3.12 3.21 -0.80 +29.46 
m 6 13 3.44 3.22 -1.01 +30.37 
m 6 14 3.82 3.05 -1.10 +30.78 
m 6 15 4.24 2.98 -1.15 +30.99 











 Value St. Dev t-value Significance 
B 0.66 0.11 5.90 0.00 
C 0.49 0.32 1.55 0.15 
D -0.42 0.09 4.77 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.73 0.23 0.18 0.09 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 7 1 0.18 3.25 -0.82 +29.53 
m 7 2 0.38 3.94 -1.01 +30.37 
m 7 3 0.68 3.37 -0.91 +29.92 
m 7 4 0.93 3.68 -1.14 +30.92 
m 7 5 1.23 3.97 -0.96 +30.16 
m 7 6 1.37 3.77 -1.04 +30.48 
m 7 7 1.67 4.01 -1.07 +30.64 
m 7 8 1.85 4.1 -0.93 +30.01 
m 7 9 2.08 3.56 -1.00 +30.33 
m 7 10 2.37 2.68 -1.63 +33.08 
m 7 11 3.00 2.87 -0.78 +29.37 
m 7 12 3.45 2.98 -0.68 +28.94 
m 7 13 4.16 2.91 0.04 +25.81 
m 7 14 4.59 3.01 -0.26 +27.11 
m 7 15 5.15 3.13 -0.16 +26.65 











 Value St. Dev t-value Significance 
B 0.48 0.08 6.35 0.00 
C 0.14 0.19 0.73 0.48 
D -0.49 0.06 -7.95 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.69 0.14 0.17 0.86 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
m 8 1 0.11 3.57 -0.39 +27.67 
m 8 2 0.43 3.65 -0.64 +28.76 
m 8 3 0.65 3.63 -1.03 +30.44 
m 8 4 1.03 3.24 -2.23 +35.68 
m 8 5 1.32 3.73 -1.06 +30.58 
m 8 6 1.62 3.75 -1.16 +31.00 
m 8 7 1.93     +25.98 
m 8 8 2.21 3.83 -1.19 +31.16 
m 8 9 2.63 3.85 -1.12 +30.85 
m 8 10 3.07 4.01 -1.13 +30.91 
m 8 11 3.46 4.03 -1.12 +30.82 
m 8 12 3.85 3.98 -1.04 +30.51 
m 8 13 4.11 4.02 -0.98 +30.22 
m 8 14 4.61 3.28 -1.15 +30.97 
m 8 15 4.80 3.59 -1.01 +30.36 










 Value St. Dev t-value Significance 
B -1.01 0.11 -8.82 0.00 
C 7.02 0.25 28.64 0.00 
D -0.94 0.08 -12.15 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.49 0.18 0.23 0.74 
 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 2 1 0.07 3.96 -1.17 +31.1 
b 2 2 0.45 4.09 -1.39 +32.0 
b 2 3 0.71 4.15 -1.17 +31.1 
b 2 4 1.10 3.17 -0.62 +28.7 
b 2 5 1.19 3.22 -0.45 +27.9 
b 2 6 1.53 3.2 -0.31 +27.3 
b 2 7 1.69 3.2 -0.38 +27.7 
b 2 8 2.19 3.41 -0.07 +26.3 
b 2 9 2.24 3.47 -0.22 +26.9 
b 2 10 2.62 3.5 -0.43 +27.9 
b 2 11 2.74 3.5 -0.55 +28.4 
b 2 13 2.93 3.72 -0.48 +28.1 
b 2 12 3.31 3.66 -0.42 +27.8 
b 2 14 3.41 3.9 0.12 +25.5 
b 2 15 3.87 3.61 -0.89 +29.8 












 Value St. Dev t-value Significance 
B 0.57 0.15 0.23 0.19 
C 0.59 0.11 5.51 0.00 
D 0.71 0.26 2.74 0.02 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 -0.22 0.06 -3.95 0.00 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 3 1 0.17 4.97 -0.65 +28.8 
b 3 3 0.52 4.26 -0.70 +29.0 
b 3 2 0.69 3.44 -0.94 +30.0 
b 3 4 1.00 3.34 -1.05 +30.5 
b 3 5 1.37 3.29 -0.96 +30.2 
b 3 6 1.41 3.36 -0.97 +30.2 
b 3 7 1.88 2.94 -0.73 +29.1 
b 3 8 1.93 3.15 -1.09 +30.7 
b 3 9 2.31 2.84 -0.64 +28.8 
b 3 10 2.38 2.89 -0.81 +29.5 
b 3 11 2.85 2.58 -0.83 +29.6 
b 3 12 2.91 2.75 -0.55 +28.4 
b 3 13 3.29 2.82 -0.38 +27.6 
b 3 14 3.33 2.87 -0.61 +28.6 
b 3 15 3.67 2.98 -0.56 +28.4 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 4 1 0.10 4.27 -0.89 +29.9 
b 4 2 0.53 4.35 -1.25 +31.4 
b 4 3 0.81 4.77 -1.24 +31.4 
b 4 4 1.23 4.06 -1.40 +32.1 
b 4 5 1.45 4.47 -0.78 +29.4 
b 4 6 1.72 4.23 -1.16 +31.0 
b 4 7 1.94 4.29 -1.08 +30.7 
b 4 8 2.34 3.85 -0.97 +30.2 
b 4 9 2.67 3.5 -0.93 +30.0 
b 4 10 2.98 3.44 -0.76 +29.3 
b 4 11 3.05 3.29 -0.81 +29.5 
b 4 12 3.29 3.1 -0.73 +29.2 
b 4 13 3.65 2.79 -0.55 +28.4 
b 4 14 3.95 2.79 -0.49 +28.1 
b 4 15 4.22 2.6 -0.56 +28.4 
       
 Value St. Dev t-value Significance 
B 0.50 0.10 5.05 0.00 
C 1.08 0.32 3.37 0.01 
D -0.44 0.06 -7.47 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 5 1 0.10 3.59 -1.17 +31.1 
b 5 2 0.53 4.04 -1.38 +32.0 
b 5 3 0.81 4.3 -1.11 +30.8 
b 5 4 1.23 3.89 -1.45 +32.3 
b 5 5 1.45 3.84 -1.25 +31.4 
b 5 6 1.72 3.07 -1.33 +31.7 
b 5 7 1.94 2.83 -1.48 +32.4 
b 5 8 2.34 3.01 -1.31 +31.7 
b 5 9 2.67 3.21 -1.17 +31.0 
b 5 10 2.98 3.22 -1.32 +31.7 
b 5 11 3.05 3.28 -1.19 +31.1 
b 5 12 3.29 3.29 -1.11 +30.8 
       
 Value St. Dev t-value Significance 
B 0.48 0.12 4.03 0.00 
C 0.78 0.25 3.19 0.01 
D -0.65 0.05 -13.08 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 6 1 0.07 5.47 -0.35 +27.5 
b 6 3 0.45 3.22 -0.06 +26.2 
b 6 2 0.81 3.13 0.02 +25.9 
b 6 4 0.98 4.11 -0.67 +28.9 
b 6 5 1.48     +26.0 
b 6 6 1.62     +26.0 
b 6 7 2.20 4.19 -0.47 +28.0 
b 6 8 2.62 4.52 -1.03 +30.4 
b 6 9 2.90 4.54 -1.19 +31.1 
b 6 10 3.24 4.27 -1.19 +31.2 
b 6 11 3.61 4.09 -1.34 +31.8 
b 6 12 4.03 4.38 -1.23 +31.3 
b 6 13 4.42 4.24 -1.23 +31.3 
b 6 14 5.32 4.32 -1.12 +30.8 
b 6 15 5.53 4.38 -1.03 +30.4 
       
 Value St. Dev t-value Significance 
B 0.90 0.10 9.08 0.00 
C -2.17 0.38 -5.76 0.00 
D -0.78 0.07 11.00 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 7 1 0.10 4.37 -0.48 +28.0 
b 7 3 0.21 4.5 -0.70 +29.0 
b 7 2 0.44 4.35 -0.74 +29.2 
b 7 5 0.82 4.47 -1.15 +31.0 
b 7 4 1.05 4.33 -1.15 +31.0 
b 7 6 1.22 4.62 -1.30 +31.6 
b 7 7 1.36 4.78 -1.29 +31.6 
b 7 8 1.59 4.42 -0.62 +28.7 
b 7 9 1.91 3.93 -0.15 +26.6 
b 7 10 2.24 3.89 -0.20 +26.9 
b 7 11 2.34     +26.0 
b 7 12 2.71 4.25 -0.63 +28.7 
b 7 13 2.75     +26.0 
b 7 14 3.10 4.17 -0.89 +29.9 
b 7 15 3.32 3.99 -1.50 +32.5 
       
 Value St. Dev t-value Significance 
B 2.46 0.10 24.72 0.00 
C -0.75 0.17 -4.27 0.00 
D -0.71 0.05 -12.93 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 8 1 0.15 4.93 -1.04 +30.5 
b 8 2 0.34 5.2 -0.84 +29.6 
b 8 3 0.77 3.76 -0.40 +27.7 
b 8 4 1.06 4.38 -0.74 +29.2 
b 8 5 1.39 4.68 -0.78 +29.4 
b 8 6 1.65 4.77 -0.79 +29.4 
b 8 7 2.01 4.59 -0.73 +29.2 
b 8 15 2.35 4.04 -0.46 +28.0 
b 8 8 2.82 3.71 -0.89 +29.8 
b 8 9 3.14 3.75 -0.97 +30.2 
b 8 10 3.53 3.79 -0.96 +30.1 
b 8 11 3.84 4.08 -1.04 +30.5 
b 8 12 4.19 4.01 -1.09 +30.7 
b 8 13 4.59 3.93 -1.16 +31.0 
b 8 14 4.84 3.95 -1.13 +30.9 
       
 Value St. Dev t-value Significance 
B 0.42 0.09 4.84 0.00 
C -2.27 0.29 -7.95 0.00 
D -1.41 0.06 -23.54 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











 Value St. Dev t-value Significance 
B -0.26 0.30 -0.85 0.44 
C -0.23 1.55 -0.15 0.89 
D -1.64 1.11 -1.47 0.22 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.79 0.07 0.09 0.54 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 1 1 0.15 3.35 -1.43 32.2 
t 1 2 0.55 3.42 -1.4 32.1 
t 1 3 0.86 3.36 -1.42 32.1 
t 1 4 1.14 3.48 -1.22 31.3 
t 1 5 1.52 3.57 -1.27 31.5 
t 1 6 1.97 3.83 -1.1 30.8 
t 1 7 2.27 4.05 -1.18 31.1 











 Value St. Dev t-value Significance 
B -2.79 0.23 -11.99 0.00 
C 0.27 0.18 1.54 0.22 
D -1.03 0.06 -16.55 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.96 0.09 0.08 0.68 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 2 1 0.10 4.24 -1.03 30.5 
t 2 2 0.39 3.21 -0.57 28.5 
t 2 3 0.63 3.04 -0.22 26.9 
t 2 4 0.84 3.10 -0.5 28.2 
t 2 5 1.08 2.96 -0.79 29.4 
t 2 6 1.30 2.61 -1.14 30.9 











 Value St. Dev t-value Significance 
B -0.18 0.03 -6.55 0.00 
C -2.99 0.19 -15.53 0.00 
D -0.55 0.09 -5.86 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.84 0.14 0.17 0.45 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 3 1 0.02 2.92 -0.29 27.2 
t 3 2 0.45 3.47 -0.66 28.8 
t 3 3 0.95 3.40 -0.51 28.2 
t 3 4 1.46 3.36 -0.72 29.1 
t 3 5 1.92 3.22 -0.83 29.6 
t 3 6 2.28 3.13 -0.72 29.1 
t 3 7 4.29 3.48 -0.76 29.3 
t 3 8 7.46 2.55 -1.19 31.1 
t 3 9 10.49 2.24 -1.36 31.9 
t 3 10 14.65 2.29 -0.92 30.0 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 4 1 0.12 4.57 -1.26 31.5 
t 4 2 0.45 4.38 -1.4 32.1 
t 4 3 0.78 3.85 -1.3 31.6 
t 4 4 1.13 4.08 -1.27 31.5 
t 4 5 1.47 3.13 -1.59 32.9 
t 4 6 1.70 2.91 -1.5 32.5 
t 4 7 2.00 2.98 -1.37 31.9 
t 4 8 2.27 3.11 -1.11 30.8 
t 4 9 2.64 2.85 -1.02 30.4 
t 4 10 2.74 2.76 -0.84 29.6 
       
 Value St. Dev t-value Significance 
B 0.86 0.13 6.58 0.00 
C 0.56 0.23 2.44 0.05 
D -0.77 0.06 -12.27 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











 Value St. Dev t-value Significance 
B 0.34 0.27 1.23 0.27 
C 0.39 0.34 1.14 0.31 
D -0.88 0.17 -5.24 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.43 0.22 0.14 0.25 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 5 1 0.04 3.41 -1.18 31.1 
t 5 2 0.37 3.64 -1.23 31.3 
t 5 3 0.77 3.65 -1.3 31.6 
t 5 4 1.06 3.90 -1.4 32.1 
t 5 5 1.69 3.96 -1.21 31.2 
t 5 6 2.13     26.0 
t 5 7 2.49 3.95 -1.4 32.1 
t 5 8 2.69 3.76 -1.93 34.4 
t 5 9 3.72 3.81 -1.48 32.4 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 6 1 0.13 3.92 -1.56 32.8 
t 6 2 0.37 3.82 -1.56 32.8 
t 6 3 0.62 3.79 -1.43 32.2 
t 6 4 0.95 3.98 -1.49 32.4 
t 6 5 1.35 4.08 -1.42 32.1 
t 6 6 1.67 3.94 -1.78 33.7 
t 6 7 1.85 3.85 -1.62 33.0 
t 6 8 1.97 4.27 -1.57 32.8 
       
 Value St. Dev t-value Significance 
B -0.66 0.30 -2.22 0.08 
C -1.01 0.41 -2.45 0.06 
D -2.18 0.07 -32.59 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 












 Value St. Dev t-value Significance 
B 2.45 0.25 9.71 0.00 
C -0.65 0.50 -1.3 0.23 
D -1.33 0.15 -9.00 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 -7.21 0.44 0.51 0.31 
 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
t 7 1 0.09 4.29 -1.29 31.6 
t 7 2 0.43 3.20 -1.41 32.1 
t 7 3 0.75 3.31 -1.34 31.8 
t 7 4 1.04 3.33 -1.49 32.4 
t 7 5 1.47 3.30 -1.32 31.7 
t 7 6 1.83 3.40 -1.29 31.6 
t 7 7 2.16 3.33 -1.1 30.8 
t 7 8 2.42 3.24 -1.09 30.7 
t 7 9 2.74 3.48 -1.38 32.0 
t 7 10 3.02 3.11 -1.47 32.4 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 1 1 0.24 1.46 -2.09 35.1 
b 1 2 0.70 4.23 -0.97 30.2 
b 1 3 1.24 4.35 -1.07 30.6 
b 1 4 1.63 4.46 -0.99 30.3 
b 1 5 2.13 3.79 -1.17 31.1 
b 1 6 2.74 3.78 -0.82 29.5 
b 1 7 3.27 3.15 -1.24 31.4 
b 1 8 3.72 3.17 -1.09 30.7 
b 1 9 4.11 3.73 -1.06 30.6 
b 1 10 4.42 4.21 -1.13 30.9 
       
 Value St. Dev t-value Significance 
B 0.43 0.30 0.26 0.53 
C -0.60 0.19 -3.07 0.02 
D 0.09 0.48 0.19 0.86 
 R2 Res. St. dev IQR Shapiro-Wilkins 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 2 1 0.59 3.80 -0.51 28.2 
b 2 2 3.14 3.20 -1.22 31.3 
b 2 3 5.83 3.32 -1.62 33.0 
b 2 4 9.53 3.50 -1.23 31.3 
b 2 5 14.29 3.50 -1.71 33.4 
b 2 6 16.35 3.70 -1.69 33.3 
b 2 7 20.49 3.69 -1.12 30.8 
b 2 8 24.74 3.67 -1.5 32.5 
b 2 9 28.16 3.48 -1.35 31.8 
b 2 10 30.22 3.64 -1.43 32.2 
b 2 11 33.18 3.37 -1.34 31.8 
b 2 12 38.68 3.24 -1.64 33.1 
b 2 13 42.86 3.38 -1.42 32.1 
b 2 14 46.91 3.20 -0.91 29.9 
b 2 15 50.11 3.76 -0.88 29.8 
b 2 16 54.16 3.80 -1.02 30.4 
b 2 17 57.49 3.53 -1.28 31.5 
b 2 18 60.95 3.14 -1.1 30.8 
b 2 19 63.88 2.96 -0.93 30.0 
b 2 20 67.14 3.28 -1.66 33.2 
b 2 21 69.96 3.13 -1.4 32.1 
b 2 22 72.03 3.24 -1.32 31.7 
b 2 23 74.66 3.05 -1.21 31.2 
b 2 24 76.66 3.43 -1.04 30.5 
b 2 25 78.60 3.62 -0.8 29.5 
       
 Value St. Dev t-value Significance 
B 0.38 0.02 16.49 0.04 
C -0.86 0.14 -6.00 0.11 
D -0.95 0.05 0.03 0.01 
 R2 Res. St. dev IQR Shapiro-Wilkins 











 Value St. Dev t-value Significance 
B 1.31 0.16 8.41 0.00 
C 0.86 0.21 4.09 0.00 
D -0.96 0.05 -17.84 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.93 0.11 0.12 0.55 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 3 1 0.05 3.78 -1.38 32.0 
b 3 2 0.23 3.84 -1.77 33.7 
b 3 3 0.44 4.11 -1.61 33.0 
b 3 4 0.65 3.36 -1.71 33.4 
b 3 5 0.93 2.86 -1.61 33.0 
b 3 6 1.17 3.31 -1.36 31.9 
b 3 7 1.36 3.02 -1.23 31.3 
b 3 8 1.68 3.14 -0.96 30.1 
b 3 9 1.88 2.80 -0.98 30.2 
b 3 10 2.09 3.07 -0.64 28.8 











 Value St. Dev t-value Significance 
B 2.23 0.16 13.87 0.00 
C 0.53 0.24 2.22 0.06 
D -1.17 0.07 -17.77 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.79 0.21 0.20 0.88 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 4 1 0.02 3.71 -1.35 31.8 
b 4 2 0.17 3.94 -1.81 33.8 
b 4 3 0.34 3.92 -1.8 33.8 
b 4 4 0.54 3.08 -1.75 33.6 
b 4 5 0.85 3.22 -1.35 31.8 
b 4 6 1.17 2.45 -1.12 30.8 
b 4 7 1.35 1.77 -1 30.3 
b 4 8 1.72 2.81 -0.83 29.6 
b 4 9 2.06 3.07 -0.75 29.2 
b 4 10 2.52 2.41 -1.02 30.4 











 Value St. Dev t-value Significance 
B 0.48 0.25 1.94 0.09 
C 0.58 0.58 1.01 0.35 
D -0.60 0.12 -4.90 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.14 0.27 0.23 0.21 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 5 1 0.25 3.47 -0.8 29.5 
b 5 2 0.80 3.11 -1.44 32.2 
b 5 3 1.21 3.42 -1.44 32.2 
b 5 4 1.50 3.49 -1.44 32.2 
b 5 5 1.87 3.54 -1.23 31.3 
b 5 6 2.06 3.74 -0.79 29.4 
b 5 7 2.32 3.81 -1.32 31.7 
b 5 8 2.98 3.48 -1.41 32.1 
b 5 9 3.40 3.45 -1.14 30.9 
b 5 10 3.77 2.64 -1.08 30.7 











 Value St. Dev t-value Significance 
B -0.29 0.49 -0.60 0.57 
C 1.38 2.00 0.69 0.51 
D -0.88 0.46 -1.92 0.10 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.27 0.23 0.22 0.19 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 6 1 0.09 4.86 -1.47 32.4 
b 6 2 0.37 5.04 -1.83 33.9 
b 6 3 0.73 4.76 -1.4 32.1 
b 6 4 0.93 4.27 -1.26 31.5 
b 6 5 1.36 4.11 -1.42 32.1 
b 6 6 1.72 3.62 -1.78 33.7 
b 6 7 2.07 3.62 -1.31 31.7 
b 6 8 2.46 4.05 -1.08 30.7 
b 6 9 2.82 4.29 -1.4 32.1 
b 6 10 2.90 4.25 -1.16 31.0 











Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 7 1 0.13 2.98 -0.74 29.2 
b 7 2 0.51 2.96 -0.96 30.1 
b 7 3 0.58 3.13 -1.11 30.8 
b 7 4 0.93 5.27 -1.16 31.0 
b 7 5 1.33 3.44 -1.25 31.4 
b 7 6 1.73 3.65 -1.31 31.7 
b 7 7 2.09 3.89 -1.18 31.1 
b 7 8 2.57 3.26 -1.01 30.4 
b 7 9 3.06 3.20   26.0 
b 7 10 3.58 3.21 -0.57 28.5 
       
 Value St. Dev t-value Significance 
B 0.83 0.04 18.84 0.00 
C 0.23 0.09 2.63 0.04 
D -0.57 0.03 -19.44 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 











 Value St. Dev t-value Significance 
B 0.12 0.81 0.14 0.89 
C 0.19 17.21 0.01 0.99 
D -0.59 11.94 -0.05 0.96 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.12 0.24 0.23 0.73 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
b 8 1 0.08 3.52 -0.84 29.6 
b 8 2 0.21 3.16 -0.32 27.4 
b 8 3 0.53 2.51 -1.13 30.9 
b 8 4 0.95 2.30 -0.95 30.1 
b 8 5 1.32 2.69 -0.77 29.3 
b 8 6 1.54 2.73 -0.79 29.4 
b 8 7 1.97 2.84 -0.76 29.3 
b 8 8 2.32 2.90 -0.92 30.0 
b 8 9 2.67 3.17 -0.82 29.5 
b 8 10 2.86 3.16 -1.09 30.7 











 Value St. Dev t-value Significance 
B 2.05 0.21 9.93 0.00 
C -0.69 0.48 -1.43 0.20 
D -0.78 0.14 -5.80 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 -2.24 0.42 0.58 0.42 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
 1 1 0.22 4.86 -0.9 29.9 
 1 2 0.66 4.05 -0.82 29.5 
 1 3 1.03 3.94 -0.87 29.8 
 1 4 1.48 4.31 -0.95 30.1 
 1 5 1.78 4.51 -1.11 30.8 
 1 6 2.16 4.50 -0.43 27.8 
 1 7 2.53 4.49 -0.55 28.4 
 1 8 2.93 4.67 -0.61 28.6 
 1 9 3.31 4.72 -0.84 29.6 
 1 10 3.64 4.59 -0.87 29.8 











 Value St. Dev t-value Significance 
B 1.93 0.11 17.99 0.00 
C 2.17 0.24 9.00 0.00 
D -0.77 0.08 -9.75 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.66 0.23 0.25 0.15 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
 2 1 0.08 3.85 -1.11 30.8 
 2 2 0.27 3.71 -1.22 31.3 
 2 3 0.55 3.52 -0.8 29.5 
 2 4 0.96 3.01 -0.27 27.2 
 2 5 1.37 3.39 -0.21 26.9 
 2 6 1.78 3.71 -0.59 28.5 
 2 7 2.24 4.65 -0.97 30.2 
 2 8 2.70 3.80 -1.02 30.4 
 2 9 3.27 4.27 -1.06 30.6 
 2 10 3.73 3.55 -0.92 30.0 











 Value St. Dev t-value Significance 
B 1.76 0.13 13.39 0.00 
C -0.68 0.33 -2.08 0.08 
D -0.58 0.07 -7.98 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.71 0.22 0.19 0.33 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
 3 1 0.15 +3.75 -0.69 29.0 
 3 2 0.61 3.97 -0.78 29.4 
 3 3 1.05 4.22 -1.1 30.8 
 3 4 1.52 4.14 -0.91 29.9 
 3 5 1.84 4.57 -0.92 30.0 
 3 6 2.20 3.80 -0.48 28.1 
 3 7 2.51 3.60 -0.3 27.3 
 3 8 2.92 3.70 -0.16 26.7 
 3 9 3.31 3.74 -0.22 26.9 
 3 10 3.86 4.10 -0.4 27.7 











 Value St. Dev t-value Significance 
B 2.13 0.18 11.55 0.00 
C 2.33 0.41 5.63 0.00 
D -0.89 0.09 -9.45 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.54 0.28 0.20 0.02 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
 4 1 0.07 +4.65 -0.93 30.0 
 4 2 0.51 4.11 -0.67 28.9 
 4 3 0.93 4.03 -0.41 27.8 
 4 4 1.31 4.84 -0.42 27.8 
 4 5 1.70 4.09 -0.81 29.5 
 4 6 2.10 4.32 -1.16 31.0 
 4 7 2.45 4.08 -0.98 30.2 
 4 8 2.91 4.28 -1.41 32.1 
 4 9 3.54 3.72 -0.55 28.4 
 4 10 4.13 3.29 -0.44 27.9 











 Value St. Dev t-value Significance 
B 0.39 0.17 2.27 0.06 
C 1.24 0.51 2.41 0.05 
D -0.37 0.08 -4.88 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.48 0.17 0.22 0.36 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
 5 1 0.07 3.66 -0.87 29.8 
 5 2 0.42 3.40 -1.08 30.7 
 5 3 0.90 3.18 -1.36 31.9 
 5 4 1.47 3.40 -0.98 30.2 
 5 5 1.84 3.62 -1.1 30.8 
 5 6 2.30 3.41 -0.92 30.0 
 5 7 2.69 3.44 -0.74 29.2 
 5 8 3.01 3.29 -0.69 29.0 
 5 9 3.43 3.22 -0.85 29.7 
 5 10 3.82 3.04 -0.76 29.3 











 Value St. Dev t-value Significance 
B 1.04 0.21 4.99 0.00 
C 2.96 0.32 9.36 0.00 
D -1.16 0.12 -9.68 0.00 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.67 0.21 0.27 0.84 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
 6 1 0.05 3.90 -1.18 31.1 
 6 2 0.31 3.98 -0.9 29.9 
 6 3 0.54 3.81 -1.01 30.4 
 6 4 0.99 4.27 -0.82 29.5 
 6 5 1.32 3.52 -0.61 28.6 
 6 6 1.71 3.58 -0.46 28.0 
 6 7 2.17 3.38 -0.37 27.6 
 6 8 2.42 4.33 -0.41 27.8 
 6 9 2.82 3.98 -1.2 31.2 











 Value St. Dev t-value Significance 
B 0.31 0.27 1.15 0.30 
C 0.90 0.42 2.17 0.07 
D -0.25 0.07 -3.32 0.02 
 R2 Res. St. dev IQR Shapiro-Wilkins 
 0.10 0.15 0.10 0.66 
Sublayer Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
 7 1 0.10 4.02 -0.92 30.0 
 7 2 0.48 3.88 -0.58 28.5 
 7 3 0.88 4.06 -1.1 30.8 
 7 4 1.32 3.39 -0.89 29.8 
 7 5 1.73 3.21 -0.94 30.1 
 7 6 2.12 3.41 -0.99 30.3 
 7 7 2.41 3.49 -0.91 29.9 
 7 8 2.73    26.0 
 7 9 2.99 3.72 -0.85 29.7 
 7 10 3.21 3.53 -0.97 30.2 



















0087-36-A     Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
A 1 0.04 3.26 -0.55 28.4 
A 2 0.51 3.57 -0.43 27.8 
A 3 1.46 3.45 -0.75 29.2 
A 4 1.98 3.69 -0.78 29.4 
A 5 2.87 3.74 -0.85 29.7 
A 6 3.84 3.27 -1.54 32.7 
A 7 4.49 2.32 -1.68 33.3 
A 8 5.15 3.21 -1.28 31.5 
A 9 5.85 2.71 -0.81 29.5 
A 10 6.50 1.54 -1.08 30.7 
A 11 7.40 1.82 -0.88 29.8 
A 12 8.02 2.96 -1.02 30.4 
A 13 8.72 2.32 -0.99 30.3 
A 14 9.41 2.66 -0.75 29.2 
A 15 10.01 2.30 -0.8 29.5 
A 16 10.74 2.27 -0.86 29.7 
A 17 11.24 3.31 -1.3 31.6 
A 18 11.63 2.75 -1.18 31.1 
A 19 12.23 6.04 -1.21 31.2 
A 20 12.76 3.95 -1.4 32.1 
A 21 13.30 3.80 -1.13 30.9 









0087-36-B        
Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
B 1 0.12 2.93 -0.98 30.2 
B 2 0.70 3.47 -0.11 26.5 
B 3 1.33 3.33 -1.27 31.5 
B 4 2.09 3.37 -1.17 31.1 
B 5 2.81 3.20 -1 30.3 
B 6 3.42 4.11 -1.77 33.7 
B 7 4.06 3.61 -1.85 34.0 
B 8 4.81 2.72 -1.6 32.9 
B 9 5.58 2.94 -1.86 34.1 
B 10 6.41 3.18 -1.42 32.1 
B 11 7.39 2.44 -1.53 32.6 
B 12 8.05 2.59 -1.54 32.7 
B 13 8.67 2.44 -1.47 32.4 
B 14 9.22 2.46 -1.14 30.9 
B 15 9.89 2.40 -1.31 31.7 
B 16 10.20 2.51 -1.15 31.0 
B 17 10.51 2.55 -1.35 31.8 
B 18 10.78 2.42 -1.38 32.0 
B 19 11.05 2.18 -1.43 32.2 
B 20 11.28 2.67 -1.21 31.2 
B 21 11.52 3.00 -0.8 29.5 
B 22 11.76 3.12 -0.8 29.5 
B 23 12.00 3.18 -0.84 29.6 
B 24 12.23 2.99 -1.14 30.9 
B 25 12.46 3.29 -0.79 29.4 
B 26 12.63 3.63 -0.43 27.8 









0087-37-A        
Shell # Sample # Dist. [mm] δ13C δ18O Temp [ºC] 
A 1 0.28 3.32 -0.54 28.3 
A 2 1.03 3.49 -0.36 27.5 
A 3 1.60 3.09 -0.9 29.9 
A 4 2.11 3.05 -1.1 30.8 
A 5 2.92 3.02 -1.45 32.3 
A 6 3.50 3.34 -1.32 31.7 
A 7 4.11 3.97 -1.48 32.4 
A 8 4.78 4.65 -0.9 29.9 
A 9 5.35 3.62 -1.42 32.1 
A 10 6.01 3.70 -1.24 31.4 
A 11 6.69 3.15 -1.19 31.1 
A 12 7.33 2.68 -0.91 29.9 
A 13 7.83 2.83 -0.43 27.8 
A 14 8.42 2.35 -1.2 31.2 
A 15 9.05 2.71 -1.31 31.7 
A 16 9.48 2.78 -0.98 30.2 
A 17 9.93 2.52 -1.22 31.3 
A 18 10.51 2.75 -1.1 30.8 
A 19 10.94 3.17 -1.51 32.5 
A 20 11.24 3.35 -0.82 29.5 
A 21 11.68 5.48 -0.96 30.1 
A 22 12.14 5.17 -0.69 29.0 
A 23 12.50 3.75 -1.35 31.8 
A 24 12.74 3.48 -1.08 30.7 
A 25 13.00 3.66 -1.15 31.0 










Appendix 5: Site composition data 




JW1727 species composition by weight [g]  













1      99.5 38.5 75.0 23.0 752.0 118.75 
2 1/1 1 146.5 87.0 101.0 36.0 997.5 59.75 
3      450.0 319.0 170.0 27.0 910.5 180.0 
4 1/1 1 220.5 66.0 66.0 29.5 987.0 106.75 
5 1/1 1 28.0 8.5 45.0 10.0 944.0 122.75 
6 1/1 1 22.0 22.5 174.0 14.0 686.5 45.75 
7 1/1 1 9.5 9.0 11.0 1.5 534.0 3.0 
8 1/1 1 0.5 3.0 10.5 1.0 1271.0 14.75 
9 1/1 1 132.5 20.5 77.0 28.0 1131.5 87.5 
 11     3.0 26.0 30.0 22.0 1664.5 151.25 
12 1/1 1     1.5 53.0 537.5 90.0 
13 1/1 1 1.5   2.5 26.5 464.5 45.25 
14 1/1 1 11.0 5.0   4.0 203.0 58.0 
15 1/1 1 11.5   17.5 77.5 778.5 83.5 
16 1/1 1 6.0 12.5   15.0 1045.5 27.75 
17   1 98.0 486.5 74.0 133.0 1406.5 140.0 
 18     46.0 35.0 20.0 55.0 1677.0 155.75 
 19/20     258.5 54.5 56.0 73.0 1319.5 107.75 
21 1/1 1 130.5 39.0 32.0 229.0 1270.5 156.0 
22 1/1 1 19.5     27.5 1183.5 97.0 
23 1/1 1 31.0 39.0   488.0 325.0 191.75 
      49.0 18.5 21.0 41.5 280.0 221.0 
















201 1 1483.5   0.0 1487.5 
202 2 875.5 1.0 30.0 954.5 
207 pocket in 2 67.0 611.0 680.0 1391.25 
203 3 1643.0 53.0 5.0 1707.75 
204 4 1962.0   0.25 1973.5 
205 5 2278.0   0.0 2285.0 
208 5 1877.0   0.0 1879.5 
209 5 1577.5   0.0 1578.5 
210 5 1972.5   0.0 1972.5 
206 6 1592.0   97.0 1691.0 
211 6 1853.5   0.0 1853.5 
212 6 1815.5   0.0 1815.5 
213 6 1645.0   0.0 1646.0 
214 6 1523.5   0.0 1523.5 
215 6 1445.5   0.0 1445.5 
310 6 1474.5   0.0 1482.0 
216 6 1618.5   0.0 1623.0 
309 6 1411.5   0.0 1418.5 
217 6 1478.5   0.0 1478.5 
308 6 1126.0   0.0 1126.25 
307 6 862.5   0.0 865.0 
306 6 1278.0   0.0 1278.0 
305 6 1242.5   0.0 1246.0 
304 6 1399.5   0.0 1400.0 
303 6 1398.0   0.0 1404.0 
302 6 1268.0   0.0 1269.5 
301 6 1552.0   0.0 1552.0 
300 6 1320.5 8.0 0.0 1335.0 
299 6 1436.0 21.5 0.0 1461.0 
292 7 1280.0 49.0 18.0 1362.5 
291 Lens 601.5 198.5 271.0 1079.0 
290 8 1154.0 536.0 131.0 1906.0 
293 9 649.0 847.5 18.5 1729.25 
287 10 1224.5 6.5 0.0 1242.75 
286 11 1097.0  0.0 1100.5 
285 11 1476.0   0.0 1490.0 
284 11 1349.5 0.5  0.0 1350.75 
283 12 1451.0   0.0 1455.5 
282 Base 52.5 0.5 0.0 74.0   
353 
 









201 1 99.74   0 99.98 
202 2 91.72 0.10 3.14 99.88 
207 pocket in 2 4.81 43.90 48.85 99.91 
203 3 96.22 3.10 29.0 99.96 
204 4 99.37   0.01 99.98 
205 5 99.69    99.99 
208 5 99.86    99.99 
209 5 99.93    99.99 
210 5 100.0    100.0 
206 6 94.14   5.73 99.98 
211 6 99.99    99.99 
212 6 100.0    100.0 
213 6 99.92    99.98 
214 6 100.0    100.0 
215 6 100.0    100.0 
310 6 99.49    99.97 
216 6 99.70    100.0 
309 6 99.5    99.98 
217 6 100.0    99.64 
308 6 99.97    100.0 
307 6 99.71    99.99 
306 6 100.0    100.0 
305 6 99.69    99.99 
304 6 99.96    99.97 
303 6 99.57    100.0 
302 6 99.88    99.99 
301 6 100.0    99.99 
300 6 98.91 0.59  99.98 
299 6 98.28 1.47  99.99 
292 7 93.94 3.59 1.32 99.97 
291 Lens 55.74 18.39 25.11 99.97 
290 8 60.52 28.11 6.87 99.94 
293 9 37.52 49.01 1.28 99.95 
287 10 98.53 0.52  99.99 
286 11 99.90    99.54 
285 11 99.04    99.99 
284 11 99.23 0.04  100.0 
283 12 99.69    99.99 
282 Base 70.94 0.67  99.97 
 
 
